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FINAL  REPORT 


DAMD17-98-1-8565 

Protein  Interactions  with  the  N-terminus  of  the  human  androgen  receptor 
P.L:  Paul  H.  Gumerlock,  Ph.D. 


I.  INTRODUCTION 

This  specific  goal  of  this  project  was  to  identify  proteins  that  bind  to  the  N-terminus  of 
the  human  androgen  receptor  (hAR)  including  the  region  encoded  by  the  CAG  repeat 
sequence.  The  length  of  the  CAG  repeat  sequence  inversely  correlates  with  the 
aggressiveness  of  prostate  cancer  in  different  ethnic  groups,  and  somatic  shortening  of 
the  CAG  repeat  length  has  been  seen  in  the  tumor  cells  compared  to  normal 
constitutional  DNA  from  some  prostate  cancer  patients.  This  led  to  our  hypothesis  that 
there  would  be  a  protein(s)  that  binds  differentially  to  the  hAR  proteins  containing 
different  numbers  of  glutamine  (Gin)  residues  encoded  by  the  CAG  repeat.  The 
identification  of  a  protein  that  down-regulates  hAR  activity  through  the  Gin  repeats  may 
lead  to  more  effective  approaches  to  complete  androgen  blockade  than  the  currently  used 
approaches  that  target  the  carboxy-terminal  hormone-binding  domain  of  the  receptor. 
This  may  then  lead  to  improved  therapy  for  prostate  cancer  patients.  The  scope  of  the 
research  was  the  following:  1)  to  identify  N-terminal  binding  proteins  using  a  yeast  two- 
hybrid  system,  2)  to  confirm  the  interaction  of  the  candidate  proteins  with  the  androgen 
receptor  in  mammalian  cells  using  a  mammalian  two-hybrid  system,  3)  to  investigate 
differential  binding  of  these  proteins  to  fragments  of  hAR  with  varied  numbers  of 
glutamine  residues,  and  4)  to  examine  resultant  levels  of  gene  transcription  activation  by 
the  different  Gin  length  hAR  molecules.  Despite  multiple  attempts,  including  necessary 
modifications  of  protocols,  we  were  unable  to  identify  CAG  repeat  binding  proteins 
using  the  yeast  two-hybrid  approach.  Thus  the  focus  of  the  project  was  on  hAR-binding 
proteins  and  there  role  in  the  biology  of  androgen-independence,  including  the  tumor 
suppressor  and  eell  cycle  regulator  RB  and  the  anti-apoptosis-associated  and  potentially 
hAR  sensitizing  protein  BaglL.  These  studies  implicate  both  of  these  proteins  as  playing 
key  roles  in  the  androgen-independenee  of  prostate  cancer. 


11.  BODY 

Our  hypothesis  was  that  unique  proteins  exist  that  bind  preferentially  to  the  longer 
polyglutamine  repeat  sequences  and  function  to  negatively  regulate  the  transcription 
activity  of  the  androgen  receptor.  The  hypothesis  was  to  be  tested  using  the  following 
technical  objectives  through  the  specific  tasks  listed  below. 

Objective  1:  Identification  of  proteins  that  bind  to  the  androgen  reeeptor  exon  1  encoded 
polypeptide  with  a  glutamine  repeat  length  of  25. 
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Task  1:  To  identify  proteins  encoded  by  prostate-derived  cDNAs  that  bind  the  N- 
terminus  of  the  androgen  receptor  with  25  glutamine  repeats  using  the  yeast  two-hybrid 
system. 

Due  to  the  goal  to  isolate  imique  proteins  with  binding  specificity  to  a  small  N- 
terminal  region  including  the  Gin  repeat  region,  we  chose  to  use  as  bait  the  region  of 
hAR  upstream  of  that  where  the  transcription  factor  TFIIF  had  been  shown  to  bind  (1). 
This  necessitated  the  cloning  of  the  region  from  known  hAR  variants  to  obtain  wild-type 
sequence  clones  of  the  region  with  different  CAG  repeat  lengths.  RT-PCR  was  used  to 
amplify  the  target  sequences  for  cloning  the  DNA  encoding  the  N-terminus  of  the 
receptor.  To  identify  androgen  receptors  with  long  and  short  glutamine  repeats,  RNAs 
from  several  prostate  cancer  cell  lines  were  examined. 

PCR  cloning  of  the  N-terminus  of  androgen  receptor  and  construction  of  the  bait 
plasmids.  To  construct  bait  plasmids  for  yeast  two-hybrid  screening,  we  cloned  the 
DNA  fragment  encoding  the  N-terminal  90  amino  acids  plus  the  Gin  repeat  sequence  of 
hAR  (Figure  1,  Appendix).  The  yeast  MACTHMAKER  two-hybrid  system  was 
purchased  from  Clontech. 

The  prostate  cancer  cell  lines  which  express  hAR  were  used  to  obtain  the  N- 
terminus  of  hAR  with  longer  (>  25  x  CAG)  and  shorter  (<  18  x  CAG)  repeats.  Total 
RNA  was  prepared  from  LNCaP  cells  and  PC3-AR2  cells  transfected  with  hAR, 
respectively.  RT-PCR  was  performed  with  primers  designed  to  create  the  restriction 
enzyme  sites  for  cloning.  Agarose  gel  electrophoresis  analysis  of  the  PCR  products 
showed  that  the  DNA  fragments  generated  by  the  RNA  from  LNCaP  cells  were  slightly 
larger  than  that  from  the  PC3-AR2  cells  (Figure  2).  The  PCR  products  were  subcloned 
into  the  two-hybrid  vector  pAS2-l,  which  created  the  fusion  product  of  the  Gal4  DNA 
binding  domain  and  the  N-terminus  hAR  region.  Subsequent  DNA  sequencing  revealed 
that  the  N-terminus  of  hAR  from  LNCaP  and  PC3/hAR  cells  contained  26  and  16  CAG 
repeats,  respectively.  The  yeast  strain  containing  reporter  genes,  beta-galactosidase  and 
His3  genes,  was  transformed  with  these  bait  plasmids  individually.  Figure  3  shows  X- 
gal  assays  of  those  yeast  transformants.  The  yeast  strains  containing  pAS2-l  with  26 
CAG  repeats  (Ll-1  and  Ll-2),  the  strain  pAS2-l  with  16  CAG  repeats  (S7-1  and  S7-2) 
and  the  beta-galactosidase  positive  strains  (PI  and  P2)  were  grown  on  plates  containing 
synthetic  glucose  medium  laeking  tryptophane  (SD-Trp  Medium:  Synthetic  yeast 
medium  with  2%  glucose  lacking  tryptophane).  The  plate  was  subjected  to  the  filter 
lifting  X-gal  assay.  This  assay  confirmed  that  these  bait  plasmids  by  themselves  did  not 
activate  the  beta-galactosidase  reporter  gene  (Figure  3). 

Amplification  of  the  cDNA  library.  A  pACT2  cDNA  library  (human  prostate)  in  E. 
coli  was  purchased  from  Clontech.  The  library  was  amplified  by  culturing  the  bacteria 
on  the  solid  bacteria  medium,  and  cDNA  library  plasmids  were  purified  by  CsCl  gradient 
centrifugation. 

Yeast  two-hybrid  screening. 

1)  Strategy  of  yeast  transformation.  Our  hypothesis  is  that  unique  proteins  bind 
preferentially  to  the  longer  glutamine  (CAG)  repeats  and  negatively  regulate  the 
transcription  activity  of  the  androgen  receptor.  Therefore  to  sereen  a  prostate  library,  we 
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used  the  host  yeast  strain  which  carries  a  bait  plasmid  with  26  CAG  repeats,  which  was 
designated  as  pAS2-lLl. 

2)  Problems  with  the  yeast  transformation.  To  set  up  the  screening  we  faced  some 
difficulties.  First,  the  yeast  transformation  protocol  provided  by  Clontech  did  not  yield 
an  efficient  transformation  frequency  and  was  not  sufficient  to  completely  screen  the 
library  (<  1x10^'  cfu/mg  DNA).  To  obtain  sufficient  numbers  of  transformants  to  cover 
the  number  of  independent  clones  in  the  library  (3.5x10^),  the  transformation  frequency 
needed  to  be  >1x10''  cfu/mg  DNA.  This  required  additional  work  to  establish  the 
transformation  protocol.  We  tried  several  conditions  for  culturing  the  yeast  cells,  as  well 
as,  different  transformation  procedures.  With  a  protocol  we  developed,  we  obtained  a 
transformation  frequency  of  approximately  1x10''  cfu/mg  DNA.  The  details  of  this 
protocol  are  provided  below.  Transformation  with  the  cDNA  library  plasmids  was  then 
performed  twice  in  order  to  obtain  a  sufficient  number  of  transformants  (total  6.6  x  10®). 

Transformation  A  =  7.2x10^  cfii/mg 
Transformation  B  =  1.9x10''  cfu/mg 

3)  Description  of  the  yeast  transformation  protocol  developed  for  the  two-hybrid 
screening. 

-The  host  yeast  CG1954/pAS2-lLl  was  cultured  in  100ml  of  the  synthetic  minimum 
medium  lacking  tryptophane  (SD-Trp)  overnight  at  30'’C. 

-These  yeast  cells  were  transferred  to  1000ml  of  fresh  SD-Trp  medium  and  cultured 
overnight  at  30“C. 

-  Yeast  cells  were  collected,  reinoculated  into  500ml  of  YPD  medium  and  cultured  until 
the  Aggo  reached  approximately  1.0. 

-  Refreshed  yeast  cells  were  collected  by  centrifugation  and  resuspended  in  50  ml  of 
One-Step  Transformation  buffer,  which  consists  of  0.2N  LiAc,  40%  PEG,  lOOmM  DTT. 
-2ml  of  the  cell  suspension  was  aliquoted  into  25  tubes  and  Img  of  salmon  sperm  DNA 
(ssDNA)  and  lOmg  of  pACT2cDNA  library  plasmid  were  added  to  each  tube. 

-  Cells  were  incubated  for  30min  at  45'’C. 

-  400ml  of  the  cell  suspension  was  plated  onto  each  of  the  100  plates  (14cm  diameter) 
containing  SD-trp-leu-his  medium. 

-To  determine  the  transformation  efficiency,  transformed  yeast  cells  were  diluted  and 
plated  onto  SD-trp-leu  plates. 

-  All  the  plates  were  incubated  for  7-14  days  at  30'’C. 

4)  Problems  with  screening  of  the  library. 

The  His'  phenotype  of  the  host  yeast  strain  CGI 945,  which  is  a  prime  selection 
marker  for  the  two-hybrid  interaction  is  leaky,  which  results  in  the  growth  of  false 
positive  clones  on  the  selection  medium.  To  suppress  this  growth,  the  histidine  analogue 
3-aminotriazole  (3 -AT)  can  be  added  to  the  selection  medium.  However,  this  treatment 
has  the  possibly  of  eliminating  positive  clones,  which  have  a  weak  interaction  between 
the  bait  and  the  binding  proteins  expressed  by  library  cDNAs.  We  decided  not  to  add  3- 
AT  into  the  selection  medium.  Almost  all  of  the  transformants  which  grew  to  a  2mm 
diameter  or  larger  were  tested  for  beta-galactosidase  by  X-gal  assay.  (The  transformants 
which  stay  smaller  than  2nim  in  diameter  are  false  positives  according  to  the  instruction 
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manual.)  In  the  case  of  the  selection  plates,  which  contained  a  large  number  of 
transformants  of  greater  than  a  2nim  diameter,  whole  plates  were  subjected  to  the  X-gal 
assay.  Colonies  staining  blue  indicated  the  positive  clones  containing  a  cDNA  that 
encoded  a  protein  that  bound  with  the  N-terminus  of  hAR. 

Identification  of  proteins  expressed  in  the  prostate  that  interact  with  the  N-terminus 
of  the  human  androgen  receptor,  A  summary  of  the  yeast  two-hybrid  screening  is 
shown  in  Table  1  (Appendix).  The  four  positive  clones  identified  were  re-streaked  and 
cultured  on  SD-trp-leu-his  plates  and  the  plate  was  again  subjected  to  the  X-gal  assay 
(Figure  4).  Again  these  clones  showed  growth  in  the  absence  of  histidine  and  the  blue 
staining  indicated  a  positive  clone. 

Task  2:  The  positive  scoring  prostate-derived  cDNAs  will  be  sequenced  to  identify  the 
encoded  protein. 

Recovery  of  the  plasmids  carrying  prostate  cDNAs  from  the  positive  yeast  clones 
and  restriction  enzyme  digestion  analysis  of  the  recovered  plasmid  DNAs.  To 
characterize  the  cloned  prostate-derived  cDNAs,  plasmids  DNAs  were  isolated  fi’om  the 
four  positive  scoring  yeast  clones,  A04,  AOS,  B24,  and  pACT-B73,  and  the  isolated 
plasmids  were  named  pACT-A04,  pACT-AOS,  pACT-B24,  and  pACT-B73,  respectively. 
The  positive  yeast  clones  isolated  by  two-hybrid  screening  contained  two  kinds  of 
plasmids:  bait  plasmid  and  plasmids  derived  from  the  prostate  cDNA  library.  In  order  to 
isolate  only  the  library-derived  plasmid  that  has  a  LEU2  marker  for  plasmid  selection,  E. 
coli  strain  KC8  that  has  the  Leu-  phenotype  was  transformed  with  yeast  extracts  prepared 
from  the  four  positive  clones.  Plasmid  DNAs  were  purified  from  the  resulting  Leu+ 
bacterial  colonies.  The  recovered  plasmids  were  subjected  to  restriction  enzyme 
digestion  analysis.  Bglll,  whose  site  flanks  the  cloning  site,  and  Bglll/StuI  digestions 
demonstrated  that  these  four  plasmids  likely  contained  identical  cDNAs  derived  from  the 
prostate  library  (Figure  5). 

DNA  sequence  analysis  of  the  prostate-derived  cDNAs  inserted  into  the  plasmids. 

These  plasmids,  pACT-A04,  pACT-AOS,  pACT-B24,  and  pACT-B73  were  subjected  to 
DNA  sequencing.  DNA  sequencing  was  performed  for  both  directions  using 
MATCHMAKER  5'  and  3'  AD  LD-Insert  Screening  Amplimers  as  sequencing  primers. 
However,  these  primers  generated  no  sequences  with  the  pACT-A04,  pACT-A08,  pACT- 
B24,  and  pACT-B73  plasmids  as  templates.  The  second  sequencing  trial  with  GAL4  AD 
Sequencing  Primer,  whose  priming  site  is  located  approximately  16  bp  upstream  of  the 
MATCHMAKER  5'  AD  LD-Insert  Screening  Amplimers  priming  site  on  the  pACT2 
vector,  generated  a  weak  identical  sequence  with  all  the  plasmids.  DNA  database 
analysis  showed  that  the  cloned  DNA  sequences  matched  to  a  portion  of  the  pACT2 
plasmid  DNA  sequence.  The  result  was  confusing  because  the  restriction  enzyme 
digestion  analysis  clearly  showed  the  existence  of  an  insert  at  the  cloning  site  of  the 
plasmid,  which  is  flanked  by  the  primers  used  for  DNA  sequencing.  However,  we  did 
not  find  any  sequences  derived  from  the  prostate  cDNA  library.  These  results  indicated 
the  following: 

a)  The  sequences  corresponding  to  the  MATCHMAKER  5 ’and  3”  AD  LD-  Insert 

Screening  Amplimers  do  not  exist  on  the  isolated  plasmids. 
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b)  The  DNA  sequence  downstream  of  the  GAL4  AD  Sequencing  Primer  site  was 

completely  different  from  the  sequence  that  is  described  in  pACT2  AD  vector 

information  of  the  Clontech  manual. 

Therefore  we  made  a  contact  with  Clontech  technical  assistant  service  and  after 
several  correspondences  regarding  this  result,  we  concluded  that  a  DNA  rearrangement 
could  have  occurred  during  propagation  of  the  plasmids  in  bacterial  cells. 

PCR  analysis  of  the  insert  cDNAs  recovered  directly  from  the  positive  scoring  yeast 
clones.  To  detect  prostate-derived  cDNAs  in  the  cloning  vector,  we  performed  PCR 
analysis  with  the  plasmids  recovered  directly  from  the  positive  scoring  yeast  clones.  The 
positive  yeast  clones,  A04,  AOS,  B24,  and  B73,  were  patched  on  the  yeast  minimal 
medium  lacking  leu  and  trp  to  ensure  the  maintenance  of  the  plasmids.  Positive  and 
negative  control  yeast  strains  were  prepared  as  well.  The  positive  control  yeast  contained 
the  pACT2  derivative  pTDl-1  which  has  an  approximately  2  kb  insert  between 
sequences  corresponding  to  the  MATCHMAKER  5 ’and  3”  AD  LD-  Insert  Screening 
Amplimers.  The  negative  control  yeast  contained  the  pAS2-l  derivative  pVA3-l  which 
does  not  have  sequences  corresponding  to  the  MATCHMAKER  5 ’and  3”  AD  LD-  Insert 
Screening  Amplimers.  The  YEASTMAKER  Yeast  Plasmid  Isolation  Kit  (Clontech)  was 
used  to  isolate  plasmid  DNAs  from  yeast  cells. 

PCR  reactions  were  performed  using  the  advantage  cDNA  PCR  Kit  (Clontech), 
which  includes  control  template  and  primers  for  this  template.  For  pACT2  derivatives, 
primers  provided  by  LD-Insert  Screening  Amplimer  Sets  were  used.  These  primer 
sequences  are  the  same  as  the  MATCHMAKER  5 ’and  3”  AD  LD-Insert  Screening 
Amplimers.  The  PCR  products  were  analyzed  on  a  0.8  %  agarose  gel. 

As  shown  in  Figure  6,  a  3  kb  PCR  product  was  obtained  with  the  control 
template  provided  by  the  kit,  showing  that  the  PCR  reaction  worked.  As  expected  the 
pACT2  derivative  pTDl-1  (positive  control)  gave  rise  to  an  approximately  2  kb  product 
and  the  pAS2-l  derivative  pVA3-l  (negative  control)  did  not  produce  any  product, 
demonstrating  that  5 ’and  3”AD  LD-Insert  Screening  Amplimers  specifically  amplified 
the  DNA  sequence  located  between  these  primer  sites.  However,  no  PCR  products  were 
obtained  from  the  plasmids  pACT-A04,  pACT-A08,  pACT-B24,  and  pACT-B73, 
although  they  are  the  pACT2  derivatives.  This  result  indicated  that  the  plasmids  directly 
recovered  from  yeast  already  contained  a  rearranged  DNA  configuration. 

Retransformation  of  the  recovered  plasmids  into  the  two-hybrid  host  yeast  without 
the  bait  plasmid.  In  parallel  with  the  above  experiments,  we  carried  out  the 
retransformation  experiment  with  the  plasmids  pACT-A04,  pACT-A08,  pACT-B24,  and 
pACT-B73  recovered  from  positive  yeast  clones  for  further  verification.  The  recipient 
yeast  strain  used  was  CGI 945  that  was  constructed  for  the  yeast  two-hybrid  screening. 
This  strain  has  the  His-  phenotype  and  contains  the  B-galactosidase  reporter  gene 
construct  on  its  chromosome,  but  does  not  contain  the  bait  plasmid  pAS2-lLl.  The 
plasmids  pACT-A04,  pACT-A08,  pACT-B24,  and  pACT-B73  were  introduced 
individually  into  this  host  yeast  and  selected  for  the  plasmid  marker  LEU2.  We  prepared 
the  control  yeast  strains  by  transforming  CGI 945  with  the  plasmids  pACT2-l,  pTDl-1, 
pVA3-l  and  pTDl-l/pVA3-l  together.  The  plasmids  TDl-1  and  pVA3-l  carry  the 
SV40  large  T-antigen  and  p53  cDNA,  respectively  in  their  cloning  sites  and  these  two 
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gene  products  physically  interact.  The  CGI 945  cells  containing  each  of  these  plasmids 
were  tested  for  the  growth  on  the  synthetic  medium  lacking  histidine  and  for  B- 
galactosidase  activity  by  X-gal  assay.  The  negative  control  yeast  strains  containing  each 
of  the  plasmids  pACT2-l,  pTDl-1  and  pVA3-l  activated  neither  the  His3  nor  the  B- 
galactosidase  genes.  In  contrast  the  positive  control  yeast  containing  plasmids  pTDl-1 
and  pVA3-l  together  activated  these  reporter  genes  resulting  in  the  growth  on  the  his- 
medium.  These  showed  blue  colored  colonies  on  the  X-gal  assay  filter  due  to  the 
physical  interaction  of  the  SV40  large  T-antigen  and  p53  protein,  as  expected.  The  yeast 
strains  containing  the  plasmids  pACT-A04,  pACT-A08,  pACT-B24,  and  pACT-B73 
each  activated  these  reporter  genes  by  themselves.  This  occurred  without  any  interaction 
with  the  protein  encoded  by  the  bait  plasmid  that  contains  the  N-terminus  region  of  hAR 
with  that  encoded  by  the  26  CAG  repeats  fused  to  yeast  Gal  4  DNA  binding  domain. 
These  results  are  summarized  in  Table  2. 

Unfortunately,  these  results  indicated  that  the  isolated  yeast  clones  were  false 
positives.  In  other  words,  no  true  prostate  cDNAs  were  identified  that  encode  proteins 
that  interact  with  the  N-terminal  domain  of  the  androgen  receptor.  This  negative  result 
made  us  re-tool  the  project  to  examine  the  biology  of  the  androgen  receptor  binding 
proteins  in  prostate  cancer. 

Task  3:  The  protein-receptor  interactions  will  be  confirmed  in  a  mammalian  two-hybrid 
system. 

Immunoprecipitation  of  the  human  androgen  receptor  to  identify  interacting 
proteins.  We  established  an  immunoprecipitation  assay  for  the  human  androgen 
receptor  with  the  goal  of  identifying  interacting  proteins  that  co-precipitate  with  tiAR. 
We  obtained  antibodies  that  recognize  hAR  and  examined  their  utility  for  the 
immunoprecipitations  and  Western  blot  detection  of  the  receptor.  This  approach  was  to 
be  used  to  confirm  interactions  of  the  candidate  hAR-binding  proteins  with  the  androgen 
reeeptor  in  the  mammalian  two-hybrid  system  experiments,  and  was  used  for  the 
experiments  on  hAR  binding  proteins  deseribed  below. 

Protein  Co-immunoprecipitations:  Proteins  of  interest  were  immunoprecipitated  (IP) 
from  2mg  total  protein  using  30pl  anti-mouse  IgG  (SIGMA  Cat.  #  A6531)  or  anti-rabbit 
(SIGMA  Cat.  #  A8914)  agarose  beads  plus  4pg  of  the  immunoprecipitating  antibody  in 
PBSTDS  (PBS,  Triton-X  100,  sodium  deoxycholate,  SDS,  leupeptin,  EDTA  and  PMSF) 
to  a  final  volume  of  0.5ml.  The  IP  mixture  was  incubated  and  rocked  overnight  at  4°C. 
The  protein-bead  complexes  were  pelleted,  washed  4  times  with  PBSTDS  and 
resuspended  in  40pl  2X  electrophoresis  sample  buffer.  They  were  then  analyzed  by  our 
previously  established  Western  blotting  approach  (2). 

Task  4:  The  expression  level  data  from  the  CAT  assays  will  be  submitted  for  statistical 
analyses. 

This  task  was  not  done  because  no  proteins  were  identified,  and  thus,  expression 
levels  were  not  examined. 
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Objective  2:  Identify  a  protein  from  the  set  identified  in  Objective  1  that  differentially  is 
reduced  in  its  ability  to  bind,  or  fails  to  bind,  the  androgen  receptor  exon  1  encoded 
polypeptide  with  a  glutamine  repeat  length  of  10. 

As  described  above,  since  no  hAR  N-terminal  binding  proteins  could  be  identified,  this 
Objective  and  the  following  Tasks  5-7  could  not  be  done. 

Task  5:  Comparative  experiments  will  be  done  to  evaluate  the  proteins  identified  in 
objective  1  for  differential  binding  to  androgen  receptors  with  either  10  or  25  glutamine 
repeats  using  the  mammalian  two-hybrid  system. 

Task  6:  Levels  of  activation  of  gene  expression  will  be  scored  using  a  CAT  assay. 

Task  7:  The  expression  level  data  from  the  CAT  assays  will  be  submitted  for  statistical 
analyses. 


hAR  Binding  Proteins  and  the  biology  of  androgen-independence 

The  negative  results  described  above  led  to  the  focus  on  hAR  binding  proteins 
involved  in  cell  cycle  responses  and  the  potential  roles  of  RB,  BaglL  and  p5S  gain  of 
function  mutants  in  androgen-independent  growth  of  prostate  cancer  cells. 

1.  Role  of  the  RB  pathway  in  the  response  of  androgen-independent  prostate  cancer 
cells  with  reconstituted  androgen  receptor  expression  to  androgen. 

AR  is  a  ligand  activated,  intracellular  transcription  factor  that  belongs  to  the 
steroid/nuclear  receptor  superfamily.  When  the  AR  is  activated  by  androgens  it 
translocates  to  the  nucleus  and  binds  androgen  response  elements  located  in  the  promoter 
of  certain  genes,  thus  activating  or  repressing  the  expression  of  androgen-regulated 
proteins.  Excessive  androgen  action  can  overstimulate  prostatic  glandular  growth 
resulting  in  prostate  cancer.  Current  treatment  for  metastatic  adenocarcinoma  of  the 
prostate  is  hormone  ablation,  which  reduces  the  endogenous  production  of  androgens. 
However,  nearly  all  carcinomas  of  the  prostate  (CaP)  progress  to  an  incurable  state  of 
androgen-independence  (AI)  following  an  initial  response  to  androgen  ablation  therapy. 

In  the  normal  prostate,  androgen  withdrawal  results  in  apoptosis  of  prostate 
epithelial  cells.  We  have  previously  shown  that  in  primary  CaP  the  loss  of  expression  of 
CDKN2/pl6  is  43%  and  loss  of  retinoblastoma  {RB)  gene  expression  is  13%,  however,  in 
AI  tumors  the  rate  of  RB  loss  increases  significantly  to  36%  (p=0.015)(3-5).  Our 
hypothesis  was  that  the  loss  of  RB,  an  AR  co-activator,  might  contribute  to  the 
establishment  of  hormone-refractory  CaP. 

The  human  CaP  cell  line  PC3  was  established  from  a  /?55-null  AI  cancer  that 
expresses  wild-type  (wt)  RB  but  does  not  express  AR.  PC3  cells  transfected  with  wt  AR 
(PC3-AR2)  provided  a  unique  model  to  study  responses  to  androgens.  Recently  many  co¬ 
factors  for  the  androgen  receptor  have  been  identified.  One  of  these  co-factors  is  RB, 
which  has  been  shown  to  increase  the  transcriptional  activity  of  AR  when  overexpressed. 
We  show  here  that  RB  forms  a  physical  complex  with  AR  in  prostate  cancer  cell  lines 
(Figure  7). 
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Treatment  of  PC3-AR2  with  the  synthetic  androgen  R1881  resulted  in  cell  cycle 
arrest  and  eventual  cell  death.  While  this  was  unusual,  it  is  similar  to  what  has  been  seen 
in  breast  cancer  models  where  estrogen  receptor  (ER)  negative  cells  with  an  introduced 
ER  gene  growth  arrest  and  die  in  response  to  estrogen  treatment.  Thus,  this  suggests  that 
cancer  cells  of  hormone  responsive  tissues  that  have  evolved  to  be  hormone-independent 
through  loss  of  the  hormone  receptor  have  a  common  response  to  re-establishment  of  the 
receptor,  and  may  be  particularly  sensitive  to  this  type  of  modulation.  We  examined  the 
molecular  responses  at  24-hr  intervals  over  a  period  of  six  days.  Expression  of  cell 
cycle-related  genes  RB,  CCNA  (Cyclin  A),  CDKNl/p21,  and p27/Kipl  were  assessed  by 
Western  blotting  at  each  time  point.  The  results  are  shown  in  Figures  8  and  9.  Our  data 
showed  that,  when  PC3-AR2  cells  are  grown  in  the  presence  of  androgen,  they  rapidly 
arrest  in  the  G1  phase  of  the  cell  cycle.  The  results  also  showed  that  this  response 
occurred  through  a  mechanism  of  /j55-independent  induction  of  p21  (PC3-AR2  cells  are 
effectively  /?55-null)  which  leads  to  hypophosphorylation  of  Rb.  Further  study  of  this 
biology  in  prostate  cells  may  identify  targets  for  therapeutic  intervention. 

Cell  culturing:  Cells  were  cultured  in  RPMI  or  DMEM  media  (BioWhittaker, 
Walkersville,  MD)  with  7-10%  heat-inactivated  fetal  bovine  serum,  supplemented  with 
penieillin  and  streptomycin.  Cells  were  maintained  at  37°C  in  5%  COj  in  air.  For  the 
androgen  stimulation  experiments,  one  day  after  plating  cells,  the  dishes  were  washed 
and  one  set  of  dishes  received  medium  containing  R1881  (0.2nM)  or  DHT  (InM)  and  the 
second  set  of  dishes  were  not  supplemented  with  androgen.  Cells  were  then  harvested  a 
defined  timepoints. 

Western  blotting.  Cells  were  harvested  and  whole  cell  soluble  proteins  extracted  by 
lysing  the  cells  in  Lysis  Buffer  supplemented  with  Leupeptin  (lOmg/ml),  Aprotinin 
(O.IM),  NaV04  (0.1  M),  PMSF  (O.IM)  and  DNase.  Non-soluble  components  were 
removed  by  high-speed  centrifugation  at  4°C.  Samples  were  quantitated  using  a 
modified  Bradford  assay  and  diluted  to  equivalent  protein  concentrations.  Samples  were 
then  fractionated  by  SDS-PAGE  and  transferred  onto  nitrocellulose  membranes.  The  AR 
primary  antibody  was  a  purified  mouse  anti-human  antibody  from  NeoMarkers.  P-actin 
was  detected  with  a  monoclonal  mouse  IgG  antibody  from  Sigma  and  the  RB  antibody 
was  a  mouse  anti-human  antibody  from  Pharmingen. 

2.  Disrupting  RB  reverses  the  androgen-induced  cell  death  in  PC3-AR2  cells. 

To  further  investigate  this  RR-associated  biology  in  response  to  androgens,  PC3- 
AR2  cells  were  transfected  with  the  human  papilloma  virus  (HPV)  E7  gene,  whose 
protein  product  inhibits  and  degrades  the  RB  protein.  As  shown  in  Figure  10,  a  survival 
advantage  is  conferred  by  the  disruption  of  RB  by  the  HPV-E7  gene.  Because  survival 
was  not  fully  restored,  the  data  suggested  that  the  androgen-induced  response  is  more 
complex  than  through  RB  alone. 

3.  Construction  of  DU-145  cells  expressing  a  functional  androgen  receptor. 

To  extend  this  model,  DU- 145  cells  were  ehosen  for  reconstitution  of  hAR 
expression  because  they  have  mutant  RB.  To  accomplish  this,  an  appropriate  mammalian 
expression  vector  for  hAR  needed  to  be  constructed.  Yeast  hAR  expression  vectors  were 
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available  from  Dr.  Xu-Bao  Shi,  and  diagrams  of  these  are  shown  in  Figure  11:  pXB-6: 
hAR  cDNA  containing  17  CAG  repeats  and  a  long  5'  untranslated  sequence,  and  pXB- 
10:  hAR  cDNA  containing  23  CAG  repeats  and  a  short  5'  untranslated  sequence. 

To  express  the  hAR  cDNAs  in  mammalian  cells,  we  subcloned  these  hAR  cDNAs 
into  the  mammalian  expression  vector  pREP  9  (Invitrogen)  using  Nhel  and  BamHI  as 
cloning  sites.  pREP  9  is  a  low  copy  episomal  plasmid  in  mammalian  cells.  We  named 
these  plasmids  pREP-6  and  pREP- 10  derived  from  pXB-6  and  pXB-10,  respectively 
(Figure  11). 

These  plasmids  were  used  to  transfect  DU  145  cells  to  obtain  hAR  expressing 
stable  sublines.  We  have  successfully  isolated  a  clone,  DU145-AR4,  and  this  was 
examined  for  the  transcriptional  activation  function  of  the  transfected  hAR  gene.  These 
cells  were  either  treated  with  R1181  or  not,  and  mRNA  was  extracted  after  24  hours. 
RT-PCR  was  performed  to  detect  expression  of  prostate  specific  antigen  (PSA)  mRNA,  a 
gene  known  to  be  induced  by  androgens  through  activation  of  hAR.  As  shown  in  Figure 
12,  PSA  expression  was  induced  by  androgens,  confirming  the  expression  of  a  functional 
androgen  receptor  in  this  DU-145-AR4  subline.  This  subline  will  be  useful  for  further 
studies  of  the  mechanisms  of  androgen  independence.  This  has  led  us  to  catalogue  the 
potential  mechanisms  of  androgen-independence  and  propose  a  model  based  on  our 
previous  work,  our  work  under  this  project,  and  literature  review  (Figure  13). 

3.  BaglL  binds  to  and  may  be  a  co-activator  of  hAR. 

hAR  is  a  ligand  activated,  intracellular  transcription  factor  that  belongs  to  the 
steroid/nuclear  receptor  superfamily.  When  the  AR  is  activated  by  androgens  it 
translocates  to  the  nucleus  and  binds  androgen  response  elements  located  in  the  promoter 
of  certain  genes,  thus  activating  or  repressing  the  expression  of  androgen-regulated 
proteins.  BaglL,  an  isoform  of  the  human  Bagl  protein,  binds  several  steroid  receptors 
including  AR.  Bagl  is  a  protein  with  anti-apoptotie  function  and  is  comprised  of  three 
isoforms  (Bagl,  BaglM,  and  BaglL).  BaglL  is  preferentially  found  in  steroid  hormone- 
dependent  tissues  such  as  testis,  ovary,  breast,  and  prostate.  It  has  been  suggested  that 
the  BaglL  protein  may  play  a  role  in  the  AR  signaling  pathway  by  binding  AR  and 
enhancing  the  androgen-dependent  transactivation  function  of  the  steroid  hormone 
receptor.  To  begin  this  study,  we  surveyed  the  expression  of  Bagl  isoforms  in  human 
cancer  cell  lines  of  various  origins.  As  shown  in  Figure  14,  expression  patterns  for  the 
three  Bagl  isoforms  varied,  with  all  three  forms  found  in  all  prostate  cancer  cells  (PC3- 
AR2,  CWR22,  and  LNCaP),  though  at  different  levels.  Of  note  is  also  the  lack  of  BaglL 
expression  in  the  HL60  promyelocytic  leukemia  cell  line. 

Using  human  prostate  cancer  PC3  cells  transfected  with  a  wild-type  androgen 
receptor  (PC3-AR2),  we  immunoprecipitated  the  AR  and  performed  Western  blotting 
using  an  anti-Bagl  monoclonal  antibody.  We  found  that  of  the  three  isoforms  of  Bagl 
(Bagl,  BaglM,  and  BaglL)  only  the  BaglL  protein  co-immunoprecipitated  with  AR 
(Figure  15).  Here  our  work  has  confirmed  that  BaglL  does  bind  the  androgen  receptor 
in  prostate  cancer  cells.  These  results,  combined  with  the  findings  of  others,  suggest  that 
BaglL  may  be  a  co-activator  for  hAR. 

4.  BaglL  is  induced  by  p53  ^ain-of-function  mutants,  which  contributes  to 
androgen-independent  growth  of  human  prostate  cancer  cells. 
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We  have  shown  that  mutations  in  the  p53  gene  are  common  in  CaP,  with  a  high 
frequency  (approximately  70%)  found  in  hormone-refractory  disease  (6-8).  To  date  there 
has  been  no  evidence  to  link  p53  mutations  to  androgen-independence.  Recently  the 
BaglL  protein  was  shown  to  sensitize  the  androgen  receptor  (AR)  to  low  levels  of 
androgen.  In  addition  some  gain-of-function  p53  mutants  were  shown  to  upregulate 
transcription  from  the  BAGl  promoter.  Our  hypothesis  was  that  certain  gain-of-function 
p53  mutations  would  lead  to  androgen-independence  through  BaglL  induction.  PC3 
sub-lines  containing  5  different  mutant  p53  alleles  were  constructed  by  transfection. 
Levels  of  the  BaglL  protein  were  assessed  by  Western  blotting  (Figure  16).  For 
quantitation  of  expression,  levels  of  BaglL  were  normalized  to  B-actin,  and  the  results 
are  shown  in  Figure  17.  The  expression  of  BaglL  was  induced  in  4  of  these  sub-lines 
compared  to  the  untransfected  control.  These  results  supported  our  hypothesis  that 
certain  gain-of-function  mutant  p53  alleles  may  contribute  to  androgen-independence  by 
the  induction  of  BaglL. 

These  studies  were  extended  to  examine  the  BaglL  induction  under  androgen- 
depleted  conditions.  Here  it  was  necessary  to  use  a  different  model,  the  androgen 
sensitive  prostate  cancer  cell  line  LNCaP.  The  mutant  p53  alleles  were  transfected  into 
LNCaP  and  sublines  established.  The  induction  of  BaglL  by  mutant  p53  alleles  was  also 
observed  in  the  LNCaP  cells,  and  the  LNCaP  sublines  with  the  gain-of-function  p53 
mutant  alleles  continued  to  proliferate  in  androgen-depleted  media,  demonstrating  a  new 
gain-of-function  for  these  alleles:  they  contribute  to  androgen-independent  growth  of 
human  prostate  cancer  cells.  These  exciting  findings  are  being  further  pursued  in 
continuing  collaboration  with  Dr.  Ralph  deVere  White. 


III.  KEY  RESEARCH  ACCOMPLISHMENTS 

•  Failure  to  identify  any  binding  proteins  for  the  Gin  repeat  region  of  the  human 
androgen  receptor. 

•  Role  of  the  RB  pathway  growth  arrest  in  the  androgen  response  in  prostate  cancer  (9, 

10). 

•  BaglL  binds  the  androgen  receptor,  is  induced  by  gain-of-function  p53  mutants,  and 
contributes  to  androgen-independent  growth  of  prostate  cancer  cells  (11, 12). 


IV.  REPORTABLE  OUTCOMES 
A.  Manuscripts  and  abstracts: 

Publications 

1.  Lara,  P.N.  Jr,,  H-J.  Kung,  P.  H.  Gumerlock,  F.  J.  Meyers.  Molecular  biology  of 
prostate  carcinogenesis.  Critical  Reviews  in  Oncology/Hematology  32:197-208, 
1999. 
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Abstracts:  National  Meetings 

1 .  Gumerlock,  P.  H.,  M.  H.  Gustafsson,  J.  B.  Schnier,  K.  Nishi-Schnier.  Role  of  the  RB 
pathway  in  the  androgen  response  of  prostate  caneer  (CaP)  cells  with  reconstituted 
androgen  receptor  (AR).  Proceedings  of  the  American  Association  for  Cancer 
Research  42:547  (Abstract  #  2938),  2001. 

2.  Nesslinger,  N.  J.,  X-B.  Shi,  M.  H.  Gustafsson,  P.  H.  Gumerlock,  R.  W.  deVere  White. 
Mutant  p53  induction  of  BaglL  as  a  potential  mechanism  for  androgen-independence 
in  human  prostate  cancer.  Proceedings  of  the  American  Association  for  Cancer 
Research  42:218  (Abstract  #1171),  2001. 

3.  Gumerlock,  P.  H.,  M.  H.  Gustafsson,  K.  Nishi-Schnier,  J.  B.  Schnier.  Role  of  RB  in 
the  response  of  androgen-independent  prostate  cancer  cells  to  androgen.  Proceedings 
of  the  American  Association  for  Cancer  Research  43:806  (Abstract  #  3998),  2002. 

4.  Nesslinger,  N.  J.,  X-B.  Shi,  P.  H.  Gumerlock,  R.  W.  deVere  White.  Gain-of-function 
mutant  p53  mediates  androgen-independent  growth  of  human  LNCaP  prostate  cancer 
cells.  Proceedings  of  the  American  Association  for  Cancer  Research  43:1137-1138 
(Abstract  #5636),  2002. 

Abstracts:  Local  Meetings 

1.  Gumerlock,  P.  H.,  M.  H.  Gustafsson,  J.  B.  Schnier,  K.  Nishi-Schnier.  Role  of  the  RB 
pathway  in  the  androgen  response  of  prostate  cancer  (CaP)  cells  with  reconstituted 
androgen  receptor  (AR).  University  of  California,  Davis  Cancer  Center  Symposium, 
2000. 

2.  Gustafsson,  M.  H.,  N.  J.  Nesslinger,  J.  B,  Schnier,  X-B.  Shi,  R.W.  deVere  White, 
P.H.  Gumerlock.  Induction  of  BaglL  by  mutant  p53  as  a  potential  mechanism  for 
androgen-independence  in  human  prostate  cancer.  University  of  California,  Davis 
Cancer  Center  Symposium,  2000. 

3.  Gustafsson  M.H.,  J.  B.  Schnier,  K.  Nishi-Schnier,  P.H.  Gumerlock.  Role  of  RB  in  the 
response  of  androgen-independent  prostate  cancer  cells  to  androgen  as  revealed  by 
transfection  of  the  E7  gene.  University  of  California,  Davis  Cancer  Center 
Symposium,  2001. 

B.  Patents  and  licenses  applied  for  and/or  issued 

None 

C.  Degrees  obtained  that  are  supported  by  this  award: 

None 

D.  Development  of  cell  lines,  tissue  or  serum  repositories 

1.  Expression  plasmids  containing  the  hAR  N-terminal  region  with  either  26  CAG 
repeats  or  16  CAG  repeats  were  created  and  confirmed  by  DNA  sequencing. 

2 .  Mammalian  hAR  expression  vectors  pREP-6  and  pREP- 1 0 . 
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3.  DU-145-AR4  subline  expressing  a  functional  androgen  receptor. 

E.  Informatics  such  as  databases  and  animal  models,  etc. 

None 

F.  Funding  applied  for  based  on  work  supported  by  this  award 

NIH-NCI  grant  application  on  abnormal  androgen  receptors  in  prostate  cancer  using 
primarily  the  Bag-IL  data  described  above. 

G.  Employment  or  research  opportunities  applied  for  and/or  received  based  on 
experience/training  supported  by  this  award 

None. 


V.  CONCLUSIONS 

This  project,  which  began  with  the  goal  of  identifying  proteins  that  bind  to  the 
androgen  receptor  differentially  based  on  the  length  of  the  CAG  repeat  sequence,  has 
been  instrumental  in  revealing  new  biological  findings  of  the  role  of  the  androgen 
receptor  in  prostate  cancer  progression  to  androgen-independence. 

1.  Failure  to  identify  any  binding  proteins  for  the  Gin  repeat  region  of  the  human 
androgen  receptor. 

Since  the  start  of  this  project,  there  were  two  reports  on  identification  of  proteins 
that  bind  to  the  N-terminus  of  hAR.  These  were  ARA  24  and  ARA160  (13,  14). 
ARA160  binds  to  the  N-terminal  amino  acids  38-566  region  of  hAR  and  coactivates  this 
receptor  transcription  factor  by  cooperating  with  the  other  coregulator  ARA70  that  binds 
to  the  ligand-binding  domain  of  hAR.  ARA24  was  isolated  by  yeast  two-hybrid 
screening  (the  same  technique  we  employed)  using  the  N-terminal  1 1-208  amino  acids  of 
hAR  that  included  poly-glutamine  (poly-Q)(CAG  repeats).  Utilizing  the  mutant  hAR 
proteins  that  have  different  lengths  of  poly-Q  (QO,  Ql,  Q25  and  Q49),  the  authors  found 
that  an  expanding  poly-Q  length  decreases  ARA24-binding  to  hAR.  The  coactivation  of 
ARA24  also  diminishes  with  the  poly-Q  expansion  within  hAR.  These  results  indicate 
that  ARA24  may  bind  to  the  N-terminus  regions  that  flank  the  poly-Q  stretch  and  that  the 
longer  poly-Q  stretch  may  interfere  with  the  ARA24-binding.  The  authors  correlated 
these  findings  to  the  partial  androgen  insensitivity  observed  in  the  development  of 
Kennedy's  disease  in  which  the  mutant  hAR  proteins  contain  40-72  Q  expansion  (17-29Q 
in  normal  hAR). 

Our  extensive  attempts  to  identify  proteins  that  specifically  bind  the  poly-Gln  (Q) 
encoded  by  the  CAG  repeats  in  the  hAR  gene  failed  to  identify  any  such  proteins.  Thus, 
our  negative  results  provide  some  support  for  their  hypothesis  that  expansion  of  the 
repeat  negatively  influences  ARA24  binding  in  a  region  near  the  poly-Gln  stretch.  Our 
conclusion  was  that  the  continued  search  for  such  binding  proteins  is  not  warranted  at 
this  time,  however  further  study  of  ARA24  is  warranted. 

2.  Role  of  the  RB  pathway  growth  arrest  in  the  androgen  response  in  prostate 
cancer. 


15 


We  have  shown  that  hAR  does  bind  the  tumor  suppressor  protein  RB,  and  that  RB 
is  involved  in  androgen-induced  growth  arrest.  Indeed,  restoring  RB  to  advanced 
prostate  cancer  cells  that  have  evolved  to  androgen-independence  by  deleting  expression 
of  hAR,  may  be  restoring  the  natural  response  to  androgens  seen  in  fully  differentiated 
prostate  epithelial  cells  where  androgen  is  considered  a  survival  factor.  The  unexpected 
occurrence  of  prostate  cancer  cell  death  several  days  following  the  growth  arrest,  may 
reflect  an  normal  response  to  conflicting  signals  that  has  often  been  observed  in  cancer 
cells  therapeutically  induced  to  growth  arrest.  We  have  reported  these  results  (9). 

We  extended  these  results  by  showing  that  disruption  of  RB  in  those  same  cells 
using  the  HPV-E7  gene  partially  restored  cell  survival  after  androgen  treatment.  These 
results  were  also  reported  (10).  A  manuscript  detailing  this  work  is  being  organized. 
Our  conclusions  from  this  work  are  that  this  unique  biology  could  possibly  be  exploited 
in  treating  the  subset  of  hormone-refractory  prostate  cancer  that  has  become  so  by 
deletion  of  the  androgen  receptor.  Although  this  will  require  additional  work,  the  aspects 
revealed  under  this  project  are  sufficiently  compelling  to  propose  additional  projects  to 
further  dissect  this. 

3.  BaglL  binds  the  androgen  receptor,  is  induced  by  gain-of-function  p53  mutants, 
and  contributes  to  androgen-independent  growth  of  prostate  cancer  cells. 

We  have  demonstrated  that  of  the  three  protein  isoforms  encoded  by  the  anti- 
apoptotic  gene  BAGl,  only  the  BaglL  form  binds  the  androgen  receptor.  Further,  BaglL 
levels  are  increased  following  transfection  of  gain-of-function  p53  alleles  into  />53-null 
PC3  prostate  cancer  cells.  Because  BaglL  has  been  suggested  to  be  a  co-activator  of 
hAR  that  sensitizes  the  receptor  to  low  levels  of  androgen,  this  association  of  mutant  p53 
with  BaglL  induction  brings  together  several  lines  of  our  continuing  investigations  into 
androgen  independence.  As  mentioned  above,  we  have  established  that  mutations  in  p53 
are  frequently  found  in  AI  metastatic  prostate  cancer.  We  are  excited  about  the  merging 
of  these  research  areas,  and  continued  studies  on  this  linkage  are  clearly  warranted. 
These  results  were  also  reported  (11). 

These  studies  were  extended  to  examine  the  BaglL  induction  under  androgen- 
depleted  conditions.  The  induction  of  BaglL  by  mutant  p53  alleles  was  also  observed  in 
the  LNCaP  cells,  and  the  LNCaP  sublines  with  the  gain-of-function  p53  mutant  alleles 
continued  to  proliferate  in  androgen-depleted  media,  demonstrating  a  new  gain-of- 
function  for  these  alleles;  they  contribute  to  androgen-independent  growth  of  human 
prostate  cancer  cells.  These  results  have  also  been  reported,  and  manuscripts  detailing 
this  biology  are  being  prepared  (12). 

From  these  studies,  we  have  now  found  a  link  between  mutant  p53  and  androgen 
independence  that  involves  the  androgen  receptor.  This  concerns  the  other  subset  of 
hormone  refractory  prostate  cancer  that  has  become  so  while  retaining  expression  of  the 
receptor,  even  through  hormone  ablation.  Our  previous  work  established  that  abnormally 
high  levels  of  androgen  receptor  expression  are  found  in  many  hormone-refractory 
prostate  cancers  (5).  Our  conclusions  are  that  this  is  a  key  area  for  further  investigation, 
and  one  likely  to  yield  the  identification  of  genes  downstream  of  mutant  p53  that  are 
involved  in  this  androgen-independent  growth.  Further  study  is  also  warranted  on 
whether  there  is  a  link  between  the  high  AR  expressors  and  the  ones  with  gain-of- 
function  p53  alleles. 
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So  What?  We  believe  these  findings  make  important  and  extremely  valuable 
contributions  toward  understanding  the  role  of  the  androgen  receptor  in  hormone- 
refractory  prostate  cancer.  Molecular  biological  hypotheses  have  been  generated  from 
our  work  under  this  project  for  both  the  role  of  RB  in  hormone  refractory  prostate  cancer 
that  is  characterized  by  the  loss  of  AR  expression  and  for  the  role  of  mutant  p53  inducing 
BaglL,  which  in  turn  aids  in  activating  AR  in  hormone  refractory  prostate  cancer  that  has 
retained  expression  of  AR.  These  multiple  findings  provide  clearer  foundations  on  which 
to  build  and  propose  new  projects  for  study  of  this  important  aspect  of  human  prostate 
cancer. 
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Appendix 
Figures  and  Tables 
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Figure  1.  Schematic  representation  of  hAR. 


Figure  2.  Agarrose  gel  electrophoresis  of  the  PCR  products. 


Figure  3.  X-gal  assay  of  the  yeast  cells  containing  the  two-hybrid  plasmids  with  the  DNA  fragments, 
which  encode  N-terminus  of  hAR.  SD-Trp  Medium:  Synthetic  yeast  medium  with  2%  glucose  lacking 
tryptophane.Ll-land  Ll-2:  yeast  strains  containing  pAS2-l  with  26  CAG  repeats.  S7-1  and  S7-2:  yeast 
strains  containing  pAS2-l  with  16  CAG  repeats.  PI  and  P2:  P  galactosidase  positive  yeast  strains. 
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Figure  4.  His+  growth  and  X-gal  assay  of  the  positive  clones. 


Table  1.  Summary  of  the  screening 
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Figure  5.  Restriction  digestion  analysis  of  the  plasmids  isolated  from  positive  scoring  clones 


Figure  6.  PCR  analysis  of  the  insert  DNA  on  the  plamids  directly  isolated  from  yeast  clones 


Table  2.  Reporter  gene  activation  by  the  isolated  plasmids  in  the  absence  of  the  bait  plasmid 
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Figure  7.  Rb  binds  AR 
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Figure  8.  G1  Arrest  Response  to  Androgens  in  PCS  Reeonstituted  with  AR 
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Figure  9.  Decreased  p27  in  Response  to  Androgen  in  PC3-AR2  Cells 
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Figure  10.  Survival  of  PC3-AR-V  and  PC3-AR-E7  cells  in  response  to  androgen 
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Figure  11.  Diagrams  of  yeast  and  mammalian  expression  vectors  with  hAR  for  transfections. 
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Figure  12.  PSA  Expression  in  DU145-AR4  Cells. 

PSA  expression  in  LNCaP  and  DU145-AR4.  Cells  were  grown 
in  the  absence  or  presence  of  4nM  R1881.  RNA  was  isolated  and 
cDNA  prepared  from  the  2  mg  RNA  using  random  primers.  cDNA 
was  amplified  using  PCR.  The  PCR  products  were  separated  by 
2%  agarose  electrophoresis. 
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Figure  13.  The  Involvement  of  Rb  in  the  Development  of  Hormone-Independent  Prostate  Cancer 


Figure  14.  BaglL  Expression  in  Various  Human  Cancer  Cell  Lines 
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PC3-AR2;  Immunoprecipitatied  with 
an  anti-AR  antibody  and  probed  with 
an  anti-Bagl  antibody. 

CWR22R:  Whole  cell  extracts  probed 
with  an  anti-Bagl  antibody. 


Figure  15.  BaglL  Binds  the  Androgen  Receptor 
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Figure  16.  BaglL  Expression  is  induced  in  PC3  Cells  Transfected  with  Mutant p53  Alleles 
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Figure  17.  Induction  of  BaglL  by  p53  Mutant  Alleles  (PC3  Cells) 
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Prostate  cancer  is  a  leading  cause  of  cancer-related 
deaths  in  men.  Investigations  into  the  genetic  and 
molecular  events  involved  in  the  development  of 
prostate  cancer  have  intensified  as  a  result  of  evolving 
technology  and  the  promise  of  novel  therapeutic 
targets.  It  is  now  apparent  that  a  series  of  genetic 
alterations  transform  nonnal  glandular  epithelium  from 
a  putative  pre-neoplastic  state  to  prostate  intraepithelial 
neoplasia  and  invasive  carcinoma.  Further  molecular 
insults  in  hormone-sensitive  disease  promote  the  devel- 
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opment  of  androgen  independence.  This  article  reviews 
the  current  literature  on  specific  genetic  alterations 
reported  to  be  operative  in  prostate  cancer,  including 
changes  in  the  status  of  tumor  suppressor  genes,  onco¬ 
genesis,  signal  transduction  pathways,  growth  factors, 
telomerase,  angiogenesis,  and  cytogenetics.  In  addition, 
there  is  an  attempt  to  frame  these  alterations  into  a 
potential  sequence  that  delineates  the  multistep  process 
of  prostate  carcinogenesis.  Although  the  steps  in  this 
process  do  not  universally  apply  to  all  prostate  cancers, 
it  serves  as  a  model  on  which  to  base  further  studies 
and  identify  potential  molecular  targets  for  diagnosis, 
prognosis  and  therapy. 
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1.  Background 

Prostate  cancer  is  the  most  common  malignancy  in 
American  males,  with  an  estimated  incidence  of 
184  500  new  cases  diagnosed  in  1998  [1].  It  is  also  a 
leading  cause  of  cancer-related  death  in  men,  second 
only  to  lung  cancer.  In  1999,  an  estimated  37  000 
men  are  expected  to  die  from  prostate  cancer.  Nearly 
all  these  deaths  are  due  to  the  emergence  of  andro¬ 
gen-independent  clones  that  are  refractory  to  known 
therapeutic  modalities. 

The  incidence  of  prostate  cancer  increases  sharply 
with  advancing  age,  with  an  estimated  rate  of  82  per 
100000  in  men  aged  50-54  compared  to  1326  per 
100000  in  the  70 -74-year-old  age  group  [2].  Mortal¬ 
ity  rates  vary  widely,  especially  across  ethnic  groups. 
For  instance,  the  5-year  overall  survival  rate  of 
African  Americans  is  75%  as  compared  to  90%  for 
Caucasians  [2].  Even  within  ethnic  groups,  prostate 
cancer  does  not  follow  a  predictable  natural  history. 
This  mirrors  the  marked  heterogeneity  in  the  clinical 
behavior  and  molecular  characteristics  of  this  disease. 

The  heterogeneity  of  prostate  cancer  defines  the 
current  clinical  challenges.  One  challenge  is  to  identify 
molecular  markers  in  early  stage  prostate  cancer  (i.e. 
potentially  curable)  that  predict  aggressive  or 
metastatic  behavior.  Another  is  to  develop  a  more 
precise  diagnosis  of  preneoplastic  states  that  would 
respond  to  chemoprevention  or  lifestyle  changes.  A 
third,  albeit  more  difficult  challenge,  is  to  select  ap¬ 
propriate  molecular  or  genetic  targets  in  both  preneo¬ 
plasia  and  invasive  malignancies  for  novel  therapies. 

To  confront  these  challenges,  increasing  efforts  are 
being  undertaken  to  characterize  the  molecular  events 
involved  in  the  transformation  of  normal  prostate  tis¬ 
sue  to  that  of  a  malignant  phenotype  with  a  propen¬ 
sity  towards  metastasis  and  treatment  resistance.  One 
model  that  has  been  proposed  is  the  multistep  process 
of  carcinogenesis.  This  model,  best  characterized  in 
colorectal  cancer,  indicates  that  specific  genetic  per¬ 
turbations  at  certain  timepoints  in  turn  initiate  and 
promote  neoplastic  transformation  in  normal  tissue 
[3,4].  Later  mutations  or  ‘hits'  would  increase  the 
likelihood  of  a  more  biologically  aggressive  behavior, 
including  metastasis  and  androgen-independence.  The 
presence  of  a  predisposing  genetic  alteration,  the  first 
of  Knudson's  two  hits  [5],  appears  to  explain  some 
instances  of  familial  clustering  of  prostate  cancer. 

At  the  present  time,  the  carcinogenesis  model  for 
prostate  cancer  is  difficult  to  construct  with  confi¬ 
dence,  principally  because  of  the  recognized  hetero¬ 
geneity  of  the  disease.  Indeed,  how  is  it  that  one  man 
may  live  for  decades  with  an  indolent  tumor  while 
another  succumbs  to  a  virulent  variety  within  months 


of  diagnosis?  Certainly,  the  pathways  that  lead  to  ma¬ 
lignant  transformation  are  not  uniform  across  all 
prostate  cancers.  Nevertheless,  recent  advances  in  the 
molecular  characterization  of  prostate  cancer  suggest 
that  certain  genetic  alterations  may  be  common  in  the 
evolution  to  malignancy.  This  review  will  concentrate 
on  the  current  understanding  of  the  molecular 
changes  associated  with  prostate  cancer  development. 
We  will  describe  the  morphologic  evolution  of 
prostate  cancer  from  normal  epithelia  to  metastatic 
disease.  We  will  then  discuss  in  detail  the  various 
cytogenetic  and  molecular  changes  that  have  been 
described  in  prostate  cancer.  Finally,  we  will  at¬ 
tempt  to  construct  a  model  for  prostate  carcinogene¬ 
sis  with  proposed  molecular  changes  that  accomp¬ 
any  the  change  from  a  benign  to  a  malignant  pheno¬ 
type. 


2.  In-vitro  molecular  studies 

Prostate  cancer,  like  all  other  cancers  and  unlike 
normal  tissues,  is  characterized  by  molecular  and  ge¬ 
netic  aberrations  that  confer  either  a  proliferative  ad¬ 
vantage  or  resistance  to  programmed  cell  death 
(apoptosis).  Recent  advances  in  molecular  biologic 
techniques  have  allowed  investigators  to  pursue  these 
molecular  aberrations  which  provide  not  only  prog¬ 
nostic  information  but  also  potential  therapeutic 
targets.  These  modern  techniques,  which  are  summa¬ 
rized  in  Table  1  and  are  extensively  reviewed  else¬ 
where  [6],  generally  utilize  two  types  of  material: 
human  tumor  tissue  or  cell  lines.  Nearly  all  human 
prostate  tissue  specimens  are  acquired  from  either 
radical  prostatectomy  or  transurethral  resection  of 
prostate  (TURP)  procedures.  Occasionally,  nodal  and 
bone  marrow  metastatic  deposits  are  obtained  for 
analysis.  These  tissue  sources  allow  investigators  to 
identify  molecular  differences  between  the  primary  tu¬ 
mor,  the  surrounding  normal  prostate  tissue,  and 
metastatic  foci,  providing  information  to  delineate 
prostate  carcinogenesis. 

Much  of  our  current  knowledge  on  prostate  cancer 
development  has  been  derived  from  prostate  cancer 
cells  lines  and  xenografts.  The  three  human  cell  lines 
most  commonly  utilized  are  LNCaP,  PC 3,  and 
DU  145.  These  cells  lines  (as  well  as  xenogi'afts)  pos¬ 
sess  different  molecular  profiles  of  abnormalities  in 
cell  cycle-  and  apoptosis-associated  genes.  Table  2  il¬ 
lustrates  the  molecular  characterization  of  the  cell  line 
panel  and  xenografts  currently  in  use  at  the  UC 
Davis  Cancer  Center.  Translational  research  has  fo¬ 
cused  on  exploiting  the  known  differences  between 
the  cell  lines  to  evaluate  the  molecular  basis  of 
response  or  resistance  to  systemic  or  radiation  ther¬ 
apy. 
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Tablt^  1 

Summary  of  some  molecular  biologic  techniques  used  in  prostate 
cancer  research  (adapted  from  Lalani  et  al.  [6]) 


/.  Detection  of  point  mutations 

1.  Allele-specific  oligonucleotide  hybridization 

2.  Direct  sequencing  of  DNA  amplified  by  polymerase  chain 
reaction  (PCR) 

3.  Single  strand  conformational  polymorphism  (SSCP) 

II.  Detection  of  gene  amplification 

1.  Dot-blot  analysis 

2.  Southern/Northern/gel  electrophoresis  blot 

III.  Detection  of  loss  of  heterozygosity  (LOH) 

1.  Restriction  fragment  length  polymorphism  (RFLP)  analysis 

2.  Blotting  techniques 

3.  PCR  of  repeat  sequences 

IV.  Hybridization  techniques 

1.  In-situ  (ISH)  hybridization 

2.  Fluorescent  in  situ  hybridization  (FISFI) 

3.  Comparative  genomic  hybridization  (CGH) 

V.  PCR  and  reverse  transcriptase  PCR  (RT  PCR) 

VI.  Protein  analy.sis 

1.  Immunohistochemistry  (IHC) 

2.  Enzyme  linked  immunoassay  (ELISA) 

3.  Western  blot 

VH.  Cytogenetic  analysis 

VHI.  Flow  cytometry  (DNA  content  and  cell  surface  markers) 

IX.  Apoptosis  analysis 

1.  PARP  cleavage 

2.  TUN  EL  assay 

3.  Electron  microscopy 

4.  DA  PI  staining 


3.  Morphologic  evolution  of  prostate  neoplasia 

The  diagnosis  of  prostate  cancer  relies  on  the  mor¬ 
phologic  assessment  of  a  tissue  specimen  by  an  experi¬ 
enced  histopathologist.  The  Gleason's  scoring  system 
[7],  based  on  histologic  atypia,  has  been  widely  used 
and  is  the  most  important  single  prognostic  factor  in 
established  prostate  cancer  [8,9].  However,  the  identifi¬ 
cation  of  preneoplastic  lesions  is  less  clear  because  of 
the  lack  of  reproducible  objective  criteria  that  identify  a 
preneoplastic  lesion.  Like  cervix  cancer,  it  is  thought 


that  invasive  prostate  cancer  evolves  through  certain 
histopathologic  stages  such  as  hyperplasia,  metaplasia, 
dysplasia,  and  in-situ  carcinoma  [10].  Candidates  for 
putative  preneoplastic  lesions  include  intraductal  dys¬ 
plasia  [11],  prostatic  intraepithelial  neoplasia  [12]  (PIN) 
and  atypical  adenomatous  hyperplasia.  PIN  is  consid¬ 
ered  by  a  number  of  investigators  as  the  most  likely 
precursor  lesion.  Its  presence  has  been  shown  to  in¬ 
crease  the  risk  of  developing  overt  prostate  cancer  [13], 
but  the  natural  history  of  PIN  has  not  been  established 
[14]. 


4.  Etiology 

The  etiology  of  prostate  cancer  remains  speculative. 
In  mouse  models,  mutagens  that  have  been  shown  to 
cause  prostate  dysplasia  and  cancer  include  diethyl- 
stylbestrol  [15],  iV-methyl-7V-nitrosourea  (MNU)  [16], 
3,2,-dimethyl-4-aminobiphenyl  (DMAS),  and  estradiol- 
1 7-beta.  Most  morphologic  changes  observed  in  these 
models  occurred  following  chronic  mutagen  exposure 
and  testosterone  promotion.  Cadmium  exposure  has 
also  been  associated  with  increased  risk  of  prostate 
cancer  [17]. 

A  small  proportion  of  patients  have  an  inherited 
predisposition  to  prostate  cancer,  as  seen  in  several 
epidemiologic  studies  [18-20],  Familial  clustering  has 
been  attributed  to  the  dominant  inheritance  of  a  rare 
high  risk  allele  [21].  This  appears  to  be  analogous  to 
predisposing  alleles  associated  with  inherited  cancers  of 
the  colon  and  breast.  Family  studies  indicate  that  a 
region  on  the  long  arm  of  chromosome  1  (specifically 
lq24-25)  likely  contains  a  prostate  cancer  susceptibility 
gene  [22]. 


5,  Chromosomal  changes 

Karyotypic  analysis  of  primary  prostate  cancers  usu¬ 
ally  yields  a  normal  male  karyotype  [23].  However, 
various  cytogenetic  changes  involving  several  chromo- 


Table  2 

Molecular  characterization  of  prostate  cancer  cell  lines  and  xenografts*^ 


Cell  line 

p53 

p21 

Rb 

pl6 

Cyclin  DI 

hcl2 

Hormonal  sensitivity 

HER2jneu 

LNCaP 

Norm 

Norm 

Norm 

Ab  low 

Norm 

OvEx 

Yes 

OvEx 

DU145 

Mt 

Ab  low 

Mt 

OvEx 

Ab  low 

Norm 

No 

OvEx 

PC3 

Mt 

Ab  low 

Norm 

Mt 

Norm 

OvEx 

No 

OvEx 

Xenograft 

CWR22 

Norm 

Norm 

Norm 

Ab  low 

Norm 

OvEx 

Yes 

ND 

CWR22R 

Norm 

Ab  low 

ND 

ND 

ND 

ND 

No 

ND 

CWR31 

Null 

Ab  low 

Norm 

OvEx 

Norm 

OvEx 

No 

ND 

Ab  low,  abnormally  low;  Mt,  mutant;  ND,  not  determined;  Norm,  normal  expression;  OvEx,  overexpressed. 
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somes  have  been  reported.  Improved  techniques  such 
as  comparative  genomic  hybridization  and  allelotyp- 
ing  have  identified  previously  undetected  regions  of 
chromosomal  loss  or  gain  [24].  Generally,  frank  chro¬ 
mosomal  abnormalities  in  prostate  cancer  specimens 
have  been  associated  with  poor  clinical  outcome  [25]. 
Unlike  acute  and  chronic  myeloid  leukemia,  prostate 
cancer  cytogenetics,  if  abnormal,  consist  mainly  of 
deletions  rather  than  translocations.  Loss  of  het¬ 
erozygosity  (LOH)  studies  on  prostate  cancer  have 
confirmed  the  karyotypic  observation  of  chromosomal 
loss  [26].  It  is  thought  that  loss  of  a  putative  tumor 
suppressor  gene  in  the  involved  chromosomal  segment 
initiates  and  promotes  prostate  cancer.  Loss  of  chro¬ 
mosome  Y  has  also  been  reported  [27]. 

Abnormalities  in  chromosome  7  have  been  ob¬ 
served  in  several  studies.  One  such  alteration  involves 
the  long  arm  of  chromosome  7  (7q31.1).  In  one 
study,  loss  of  this  segment  correlated  with  higher 
grade  and  metastatic  potential  [28].  Another  study  re¬ 
ported  trisomy  7  as  being  seen  in  higher  stage  (T3) 
compared  to  lower  stage  (T2)  prostate  cancer  [29]. 
Trisomy  7  can  be  detected  using  dual-color  fluores¬ 
cence  in  situ  hybridization  and  has  been  proposed  to 
be  a  potential  biological  marker  for  prostate  cancer 
progression  [30]. 

Chromosomes  8p,  lOq,  and  16q  have  also  been 
shown  to  be  frequently  deleted  [31-33].  8p  is  of  par¬ 
ticular  interest  because  of  its  frequent  LOH  in  other 
cancers  such  as  hepatocellular,  colorectal,  and  lung 
carcinoma  [34].  It  has  also  been  suggested  that  loss  of 
8p  may  be  related  to  the  development  of  androgen 
independence  [35].  Deletion  of  portions  of  both  lOp 
and  lOq  has  been  associated  with  advanced  stage  and 
rapidly  progi*essive  disease  [36].  Among  the  genes  lo¬ 
cated  in  lOq,  the  loss  of  the  PTEN  tumor  suppressor 
gene  (which  modulates  signal  transduction  through  its 
protein  phosphatase  and  lipid  phosphatase  [37]  gene 
product)  is  felt  to  be  involved  in  the  development  of 
the  malignant  phenotype  [38],  The  gene  for  E-cad- 
herin,  a  cell  adhesion  molecule  crucial  for  normal  dif¬ 
ferentiation,  has  been  mapped  to  16q  [39].  Loss  or 
methylation  of  the  promoter  leading  to  lack  of  E-cad- 
herin  expression  has  been  described  in  both  prostate 
cancer  cell  lines  and  tumor  tissue  [40-42]. 

Other  chromosomal  losses  have  been  reported  in 
3p,  5q,  9q,  lip,  13q,  16q,  17p  and  18q,  among  others 
[8,43].  Allelic  loss  of  6ql4-21  has  also  been  recently 
described  [44].  Interestingly,  the  p53  gene  maps  to 
17p,  the  retinoblastoma  gene  {Rh)  to  13q,  and  DCC 
(deleted  in  colon  cancer)  to  18q.  Loss  of  these  three 
genes  in  various  tumor  types  has  clearly  been  shown 
to  initiate  and  promote  cancer  growth  and  progres¬ 
sion. 


6.  Oncogenes  and  proto-oncogenes 

The  role  of  the  expression  or  amplification  of 
oncogenes  in  prostate  cancer  remains  unclear,  although 
there  is  some  evidence  to  suggest  that  it  contributes  to 
the  transformation  of  preneoplastic  lesions  to  overt 
carcinoma. 

One  of  the  first  protein  families  identified  as  a 
product  of  proto-oncogene  expression  is  MYC.  The 
MYC  gene  has  been  extensively  evaluated  in  prostate 
cancer  because  of  its  known  amplification  in  a  variety 
of  other  tumors.  Fluorescence  in-situ  hybridization 
(FISH)  with  a  region-specific  probe  for  C~MYC  was 
performed  in  PIN,  localized  disease,  and  metastatic 
carcinoma  [45].  The  results  suggest  that  gain  of 
chromosome  8  and  amplification  of  MYC  may  be 
potential  markers  for  prostate  cancer  progression. 
However,  earlier  studies  have  yielded  conflicting  results 
[46].  Overall,  the  contribution  of  MYC  to  prostate 
cancer  development  and  progression  is  believed  to  be 
infrequent. 

The  frequency  of  RAS  mutations  in  prostate  cancer 
has  been  highly  variable.  Mutations  of  K-RAS, 
H-RAS,  and  N-RAS  are  found  at  a  frequency  of  less 
than  5%  in  North  Americans  [47,48],  but  at  an 
increased  frequency  (25%)  in  Japanese  men  [49].  This 
molecular  difference  may  reflect  the  dissimilar 
epidemiologies  for  this  disease  in  the  two  populations. 

The  HER2lneu  oncogene  encodes  the  pl85"^''* 
transmembrane  glycoprotein  which  belongs  to  the 
epidermal  growth  factor-receptor  family  of  tyrosine 
kinases  [50].  HERljneu  over-expression  is  well 
described  in  breast  cancer,  and  has  been  reported  in 
20%  of  primary  invasive  breast  carcinomas  [51]. 
Furthermore,  amplification  of  this  oncogene  in  breast 
cancer  has  been  shown  to  be  a  significant  predictor  of 
time  to  first  relapse  and  inferior  overall  survival  [52]. 
Similarly,  HERljneu  has  been  shown  to  be  amplified  in 
30-70%  of  prostate  carcinomas  [53,54],  is  associated 
with  androgen-independent  prostate  cancer  growth  [55], 
and  correlates  with  increased  probability  of  disease 
recurrence  [56].  The  activation  of  HER-ljneu  requires 
dimerization  with  itself  or  with  other  members  of  the 
EGF  receptor  family,  HERljEGF  receptor  or 
HERSjerbBS.  (The  other  potential  partner, 
HER4jerbB4,  is  not  expressed  in  most  prostate  cancer 
cells  [57].)  Overexpression  of  HERl  or  HERS  can 
diversify  and  increase  the  potency  of  HER2lneu  signals. 
In  prostate  cancer  cells,  overexpression  of  HERS  has 
also  been  reported  [58,59].  This  underscores  the 
importance  of  HER2  signaling  in  the  transformation 
and  progression  of  prostate  cancer.  As  described  above, 
deregulated  HER2  signals  may  be  relevant  to  androgen 
independence  in  advanced  prostate  cancer.  In  a  recent 
study,  introduction  of  a  prostatic  acid  phosphatase 
gene  (which  inactivates  HER2  kinase  activity)  into  an 
androgen-independent  prostate  cell  line  resulted  in  the 
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restoration  of  androgen-dependent  growth  [60].  In  an¬ 
other  in  vitro  study,  forced  expression  of  HER2  in 
androgen-dependent  prostate  cancer  cells  allowed  acti¬ 
vation  of  the  androgen  receptor  pathway  in  the  absence 
of  ligand  [55].  Furthermore,  increased  PSA  levels  were 
observed  in  prostate  cancer  cells  expressing  HER2.  It 
thus  appears  that  the  HER2  family  of  receptors,  which 
play  a  significant  role  in  the  progression  of  breast 
carcinoma,  may  also  participate  in  prostate 
carcinogenesis. 

The  proto-oncogenes  MET  and  RET  have  tyrosine 
kinase  gene  products  that  have  been  implicated  in  renal 
and  prostatic  development.  Furthermore,  both  oncoge¬ 
nes  have  similar  activating  mutations.  The  expression 
of  the  MET  proto-oncogene,  which  encodes  for  the 
membrane  growth  factor  receptor  for  hepatocyte 
growth  factor/scatter  factor  (HGF/SF),  has  been  de¬ 
scribed  in  PIN  and  prostate  cancer  [61].  It  has  been 
proposed  that  MET  could  be  a  tumor  marker  for  early 
progression  of  human  prostate  cancer  [62].  The  more 
recently  described  RET  proto-oncogene  has  already 
been  associated  with  patients  diagnosed  with  multiple 
endocrine  neoplasia  (MEN)  syndrome.  One  study 
demonstrated  that  RET  was  over-expressed  in  high- 
grade  PIN  and  prostate  cancer  as  compared  to  normal 
prostate  epithelium  [63]. 

The  BCL2  oncoprotein  is  a  blocker  of  programmed 
cell  death  (apoptosis)  [64].  It  was  first  identified  in 
studies  of  the  t(14;18)  in  follicular  lymphomas  [65]. 
BCL2  overexpression  has  been  associated  with  short¬ 
ened  survival  in  prostate  cancer  [66].  It  is  noimally 
expressed  in  prostatic  basal  epithelial  cells  that  are 
typically  unaffected  by  androgen  withdrawal  [67,68].  It 
is  frequently  detected  in  hormone-refractory  prostate 
cancers,  suggesting  that  BCL2  overexpression  is  a  rela¬ 
tively  late  event  in  prostate  carcinogenesis  [69,70].  Fur- 
theimore,  data  suggest  that  androgen  ablation  therapy 
can  result  in  either  enhanced  expression  of  BCL2  in 
prostate  cancer  cells  or  clonal  selection  [71].  Phosphory¬ 
lation  of  BCL2  inhibits  its  binding  to  BAX,  a  related 
pro-apoptotic  protein  [72].  Paclitaxel  induces  BCL2 
phosphorylation  and  death  of  prostate  cancer  cells, 
indicating  potential  therapeutic  implications  for  pacli¬ 
taxel  in  hormone-refractory  prostate  cancer  [73]. 


7.  Tumor  suppressor  genes 

Tumor  suppressor  gene  alterations  are  the  most  fre¬ 
quent  type  of  change  so  far  noted  in  prostate  carcinoma 
[74].  Indeed,  the  concept  of  prostate  cancer  as  a  disease 
of  tumor  suppressor  abnormalities  in  contrast  to  an 
oncogene-driven  cancer  fits  the  observed  biology  of  a 
chronic,  slow  growing  disease.  The  frequency  of  tumor 
suppressor  alterations  is  gieater  in  advanced  than  in 
localized  disease.  Thus,  the  molecular  profile  mirrors 


the  clinical  profile  that  metastatic  prostate  cancer  is  a 
product  of  the  ‘survival  of  the  fittest'  malignant  cells 
[75].  Two  of  the  most  extensively  studied  tumor  sup¬ 
pressor  genes  are  p53  and  RB,  Loss  of  p53  or  RB 
function  has  been  unquestionably  linked  to  cancer  de¬ 
velopment  [76-78]. 

The  p53  gene  is  located  at  17pl3  and  yields  a  53-kDa 
protein.  Many  mutant  type  p53  proteins  have  an  ex¬ 
tended  half-life  that  permits  their  detection  using  stan¬ 
dard  IHC  techniques.  IHC  detection  of  p53  is  markedly 
enhanced  by  using  heat-induced  antigen  unmasking  (or 
retrieval)  and  a  combination  of  antibodies  to  the 
protein  product  [79].  More  recent  techniques,  including 
single-strand  conformation  polymorphism  analysis  of 
PCR  products  from  both  DNA  and  cDNA,  have 
yielded  increased  sensitivity  of  p53  mutation  detection 
[80].  In  addition,  while  initial  studies  focused  on  codons 
5-8,  expanded  studies  have  examined  codons  4-11. 
The  aggregate  of  studies  indicates  that  --20-30%  of 
patients  will  have  detectable  p53  mutations  and  that 
this  is  associated  with  poor  outcome  [81,82].  Our  initial 
studies  reported  the  frequency  of  p53  mutations  to  be 
42%  [83].  This  initial  report  emphasized  the  relatively 
high  frequency  of  nucleotide  base  pair  transitions,  con¬ 
sistent  with  or  suggestive  of  an  environmental  or  car¬ 
cinogenic  etiology  rather  than  spontaneous  conversion 
to  the  malignant  phenotype.  Our  recent  studies  indicate 
that  p53  abnormalities  occur  in  30-35%  of  primary 
prostate  cancers  and  in  70%  of  metastatic  deposits  in 
the  bone  marrow  [84].  The  accumulation  of  p53  has 
been  observed  more  commonly  in  metastatic  as  op¬ 
posed  to  localized  disease  [85],  suggesting  that  p53 
mutations  are  late  events  in  prostate  carcinogenesis  or 
become  manifest  due  to  selection  pressures.  Therefore, 
the  initial  reports  that  p53  mutations  are  rare  and  may 
not  be  of  prognostic  value  to  predict  for  dissemination 
need  to  be  re-evaluated. 

Similar  observations  have  been  reported  with  the 
retinoblastoma  {RB)  gene  which  is  located  on  chromo¬ 
some  13ql4.  RB  is  a  key  determinant  of  cell  cycle 
progression  through  its  interactions  with  transcription 
factors  such  as  the  E2F  family  [86].  It  has  been  shown 
through  RNA  expression  analysis  that  RB  abnormali¬ 
ties  are  significantly  more  frequent  in  tumors  from 
prostate  cancer  patients  who  have  received  androgen 
blockade  therapy  (36%)  compared  to  those  who  have 
had  no  treatment  (13%),  thus  implicating  abnormal  RB 
in  survival  from  androgen  blockade  [87]. 

The  tumor  suppressor  gene  DCC  is  frequently 
deleted  or  is  expressed  at  low  levels  in  esophageal, 
gastric,  pancreatic,  and  colorectal  carcinomas.  It  has 
been  cloned  and  mapped  to  chromosome  18q21.3  [88]. 
DCC  encodes  a  protein  that  is  homologous  to  the 
neural  cell  adhesion  molecule  and  is  involved  in  diverse 
cellular  processes  such  as  thrombosis,  wound  healing, 
embryogenesis,  immunoreaction,  and  tumor  progres- 
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sion  or  metastasis.  The  DCC  gene  has  been  assessed 
through  niRNA  expression  and  loss  of  heterozygosity 
(LOH)  studies  and  was  found  to  have  decreased  expres¬ 
sion  in  both  human  prostate  cancer  cell  lines  and 
patient  tissues.  Data  suggest  that  LOH  at  the  DCC 
locus  may  partly  explain  this  observation  [89]. 

The  tumor  suppressor  gene  CDKN2  (formerly 
MTSl)  which  encodes  the  cyclin  dependent  kinase  in¬ 
hibitor  regulates  the  phosphorylation  state  of 

the  Rb  protein  [90].  ultimately  decreases  phos¬ 

phorylation  of  the  RB  protein  and  leads  to  arrest  at  the 
G1  checkpoint,  leading  to  cell  growth  inhibition. 
Markedly  reduced  expression  of  CDKN2  niRNA  has 
been  detected  in  43%  of  untreated  prostate  carcinomas, 
while  no  alterations  were  seen  in  benign  prostatic  hy¬ 
perplasia  [91].  Thus,  CDKN2  is  one  of  the  most  fre¬ 
quently  altered  genes  thus  far  identified  in  prostate 
cancer. 

The  more  recently  described  tumor  suppressor  gene 
PTENjMMACU  located  on  chromosome  10q23,  has  a 
high  frequency  of  mutations  (60%)  in  prostate  cancer 
cell  lines  and  xenografts  [92].  In  another  study,  PTEN 
mutations  were  observed  in  23  of  80  prostate  tumors 
[93].  Sequence  analysis  revealed  that  a  second  muta¬ 
tional  event  at  the  PTEN jMMACl  locus  occurred  in 
43%  of  the  tumors  with  loss  of  heterozygosity  of  this 
gene.  In  addition,  inactivation  of  PTEN  in  localized 
prostate  cancer  has  been  associated  with  increased  an¬ 
giogenesis  independent  of  thrombospondin,  a  negative 
regulator  of  angiogenesis  [94]. 


8.  Metastasis  suppressor  genes 

Certain  suppressor  genes  regulate  metastatic  tumor 
behavior.  One  of  the  first  metastasis  suppressor  genes 
described  is  KAIl,  located  on  chromosome  llpll.2. 
Down-regulation  of  KAIl  has  been  observed  in  patients 
with  androgen-independent  disease,  although  no  allelic 
loss  or  mutation  of  the  gene  was  seen  [95].  Another 
candidate  metastasis  suppressor  is  the  CD44  gene  lo¬ 
cated  on  11  pi 3.  It  has  also  been  shown  that  decreased 
expression  of  CD44  is  involved  in  prostate  cancer  pro¬ 
gression  [96].  A  putative  metastasis  suppressor  region 
has  also  been  identified  on  chromosome  12  [97]. 


9.  Androgen  receptor 

The  human  androgen  receptor  (hAR)  is  a  cytoplas¬ 
mic,  98-kDa  protein  encoded  by  a  gene  localized  at 
Xqll-12.  After  binding  to  its  androgen  ligand,  hAR 
translocates  to  the  nucleus  and  binds  to  androgen 
response  elements  (ARE)  in  the  promoters  of  specific 
genes  in  DNA.  Recent  studies  have  implicated  the  hAR 
N-temiinus  in  the  biology  of  prostate  cancer.  Two 


regions  of  triplet  nucleotide  repeats  are  found  in  exon  1 
of  hAR,  the  first  a  CAG  repeat  encoding  a  string  of 
glutamine  residues  (approximately  amino  acids  58-78) 
and  the  second,  a  GGT  repeat  encoding  a  run  of 
glycines  (approximately  amino  acids  448-471)  [98].  It  is 
the  CAG  repeat  that  is  of  interest  here,  because  of  the 
association  of  CAG  triplet  repeats  in  several  genes  with 
human  diseases  [99].  In  different  individuals,  the  CAG 
repeat  length  in  the  hAR  varies  from  about  eight  to  3 1 
repeats.  Caskey’s  group  was  the  first  to  show  an  associ¬ 
ation  of  the  length  of  first  triplet  nucleotide  repeat  with 
different  racial  groups  [86].  The  shortest  average  CAG 
repeat  length  was  found  in  African  Americans,  Cau¬ 
casians  had  an  intermediate  length  and  Asians  had  the 
longest  average  repeat  length.  This  ranking  of  the  racial 
groups  parallels  the  incidence  of  and  mortality  from 
prostate  cancer  found  in  these  groups.  hAR  transacti¬ 
vation  activity  was  shown  to  be  inversely  correlated 
with  the  length  of  the  CAG  repeat  [100],  Elimination  of 
the  repeats  increased  transcriptional  activity  of  hAR. 
Expansion  of  the  repeat  reduced  hAR  activity.  These 
data  suggest  that  the  function  of  the  CAG  repeat 
sequences  is  to  inhibit  transcription.  Giovannucci  et  al., 
recently  showed  that  an  association  existed  between 
fewer  CAG  repeats  and  higher  risk  of  prostate  cancer 
for  men  with  18  repeats  or  less  compared  to  those  with 
26  or  more  [101].  Those  with  shorter  repeats  were  at  a 
particularly  high  risk  for  metastases  and  death  from 
prostate  cancer.  Further  support  for  the  role  of  short 
repeats  in  this  disease  comes  from  our  finding  a  shorter 
CAG  repeat  length  (ten  repeats)  in  the  tumor  of  a 
prostate  cancer  patient  compared  to  the  patient’s 
matched  peripheral  blood  cell  DNA  (25  repeats).  This 
finding  of  a  somatic  abnormality  in  the  tumor  suggests 
a  role  of  selection  for  shorter  CAG  repeat  lengths,  and 
by  extrapolation  increased  hAR  activity,  during  the 
genesis  or  progression  of  prostate  cancer. 

Proposed  mechanisms  for  the  development  of  andro¬ 
gen  independence  following  therapy  with  complete  an¬ 
drogen  blockade  (CAB)  include  hAR  mutations  [102], 
downregulation  of  hAR  expression  [103],  and  hAR 
gene  amplification  [104].  The  most  extensively  studied 
mechanism  involves  androgen  receptor  mutations  that 
have  been  associated  with  tumor  progression  [105,106]. 
In  one  study  of  hormone  refractory  prostate  cancer, 
hAR  mutations  at  codon  877  (which  corresponds  in  the 
ligand-binding  domain  of  protein)  were  found  to  be 
frequent  [107].  Analysis  of  the  entire  AR  coding  region 
and  of  the  X-linked  hypoxanthine  guanine  phosphori- 
bosyl  transferease  {HGPRT)  gene  in  the  same  prostate 
cancer  samples  indicate  that  the  high  frequency  of  hAR 
mutations  are  not  a  consequence  of  generalized  genetic 
instability  [106].  Previous  studies  by  our  group  have 
demonstrated  that  hAR  expression  following  CAB  is 
preferentially  noted  in  high-grade,  high-stage  tumors 
and  that  hAR-positive  tumors  in  clinical  remission  pose 
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a  high  risk  of  relapse  [108].  It  remains  to  be  clarified 
whether  CAB  induces  the  alterations  in  liAR  structure 
and/or  function  or  whether  it  merely  selects  out  the 
already-mutated  forms.  Furthermore,  androgen  inde¬ 
pendent  tumors  have  been  shown  to  continually  express 
high  levels  of  hAR  gene  transcripts  [109].  In  fact,  hAR 
has  been  detected  in  100%  of  distant  metastases  by 
immunohistochemistry  [110].  It  is  presently  believed 
that  androgen  independent  prostate  cancer  may  con¬ 
tinue  to  have  in-vivo  hormone  responsiveness  or  that 
an  agonist  binds  to  hAR  to  promote  progression.  Alter¬ 
natively,  deregulated  growth  signals  such  as  HERljneu 
overexpression  may  override  androgen  independence, 
resulting  in  uncontrolled  proliferation. 


10.  Telomerase 

Telomeres,  repeat  DNA  sequences  at  the  ends  of 
chromosome,  have  been  described  as  the  biological 
intracellular  clock,  regulating  the  number  of  divisions  a 
cell  can  undergo  [111].  After  a  telomere  reaches  a 
critically  short  length,  the  cell  cannot  undergo  further 
mitoses.  Telomerase  is  a  ribonucleoprotein  that  stabi¬ 
lizes  telomere  length  and  is  highly  active  in  many 
cancers  and  immortalized  cell  lines  [112].  Little  data  is 
presently  available  for  its  role  in  prostate  cancer.  In  one 
study,  telomerase  activity  was  found  in  92%  of  prostate 
cancers,  73%  of  PINs,  50%  of  BPHs,  and  36%  of 
normal  tissues  [113].  There  appeared  to  be  no  correla¬ 
tion  with  Gleason's  score  or  PSA  level.  The  high  fre¬ 
quency  of  telomerase  activity  in  prostate  cancer  makes 
it  a  potential  therapeutic  target. 

11.  Growth  factors 

Peptide  growth  factors  influence  cellular  proliferation 
through  their  paracrine  or  autocrine  actions.  As 
prostate  cancer  achieves  androgen  independence,  these 
growth  factors  may  assume  critical  roles  in  tumor  pro¬ 
gression  [114].  Among  the  most  widely  investigated  of 
these  growth  factors  are  the  transforming  growth  factor 
(TGF),  epidermal  growth  factor  (EGF),  and  insulin¬ 
like  growth  factor  (IGF)  families. 

TGF-P  inhibits  epithelial  cell  growth  through  a  het- 
eromeric  complex  of  two  kinases  (called  TGF-P  recep¬ 
tor  I  and  II)  which,  in  turn,  are  modulated  by  the 
extracellular  matrix,  androgens,  and  other  growth  fac¬ 
tors  [115].  Either  receptor  may  be  inactivated  or  down- 
regulated,  which  may  lead  to  cancer  development  [116]. 
It  has  been  hypothesized  that  downregulation  of  type  I 
and  II  receptors  correlates  with  histologic  progression 
of  prostate  cancer  [117].  Paradoxically,  high  levels  of 
TGF-P  have  been  seen  in  malignant  epithelial  cells 
compared  to  BPH  specimens  [118].  In  mouse  models. 


TGF-P  mRNA  is  markedly  elevated  in  poorly  differen¬ 
tiated  prostate  adenocarcinomas  and  is  thought  to  be 
induced  by  RAS  and  MYC  oncogene  overexpression 
[119].  In-vitro  studies  with  prostate  cancer  cell  lines 
have  shown  highly  variable  effects  of  TGF-P  on  growth 
and  proliferation,  partially  explaining  the  variance  in 
observations  on  TGF-P's  role  in  prostate  carcinogenesis 
[101]. 

TGF-a  and  EGF  are  homologous  growth  factors 
that  bind  to  EGF  receptors  and  have  roles  in  normal 
prostatic  development  and  differentiation.  EGF  is 
known  to  be  mitogenic  in  normal  and  malignant 
prostate  cancer  cells  [103].  High  affinity  EGF  receptors 
have  also  been  identified  in  both  normal  human 
prostate  specimens  [120,121].  TGF-a  mRNA  has  like¬ 
wise  been  demonstrated  to  be  overexpressed  in  prostate 
cancer  cell  lines  [122]  as  well  as  in  samples  of  human 
prostate  cancer  compared  to  BPH  tissues  [123].  It  is 
believed  that  the  efficacy  of  the  experimental  agent 
suramin  in  prostate  cancer  is  through  this  drug’s  ability 
to  inhibit  the  binding  of  TGF-a  to  its  receptor. 

The  members  of  the  IGF  family  have  also  been 
shown  to  have  mitogenic  and  anti-apoptotic  effects  on 
normal  and  transformed  prostate  epithelial  cells.  The 
two  major  ligands,  IGF-1  and  -2,  have  many  potential 
receptors  and  include  the  hAR  in  the  case  of  IGF-1 
[124].  The  PC3  and  DU145  cell  lines  have  increased 
proliferation  in  the  presence  of  IGF  while  the  LNCaP 
cell  line  will  only  respond  to  IGF  in  the  presence  of 
androgen  [125].  Increased  levels  of  plasma  IGF-1  have 
already  been  shown  to  be  a  predictor  of  prostate  cancer 
risk  [126].  Likewise,  increased  regional  loss  of  IGF-2 
gene  imprinting  (i.e.  biallelic  expression)  has  been 
demonstrated  in  human  prostate  cancers  compared 
with  BPH  specimens  [127]. 

Recently,  basic  fibroblast  growth  factor  (FGF-2)  was 
found  to  be  significantly  increased  in  localized  prostate 
cancers  when  compared  to  uninvolved  prostate  tissue 
[128].  Furthermore,  there  was  an  increase  in  the  expres¬ 
sion  of  the  receptor  (FGFR)  that  possesses  the  capacity 
to  respond  to  FGF-2.  This  receptor  overexpression  was 
also  shown  to  correlate  with  poorer  tumor 
differentiation. 


12.  Adhesion  molecules  and  proteases 

The  cellular  basement  membrane  and  the  extracellu¬ 
lar  matrix  serve  as  crucial  barriers  to  tumor  invasion 
[129].  Once  these  barriers  are  breached,  cancer  cells  can 
find  access  to  blood  and  lymphatic  channels  and  metas¬ 
tasize.  The  key  components  of  the  extracellular  matrix 
include  integrins  and  cadherins  while  the  most  impor¬ 
tant  proteases  are  those  that  belong  to  the  matrix 
metalloproteinase  family. 
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Fig.  1 .  Multistep  carcinogenesis  model  for  prostate  cancer. 


Integrins  are  cell  surface  adhesion  proteins  (or  extra¬ 
cellular  matrix  receptors)  that  are  important  in  cell-cell 
interaction.  Normal  prostate  basal  cells  have  been  re¬ 
ported  to  express  several  integrins  such  as  a-2,  a-3,  a-4, 
a-5,  a-6,  a-v,  p-1,  and  P-4.  Although  the  dimers  a-3,  P-1 
and  a-6,  P-1  are  retained  in  the  early  PIN  lesions,  the 
expression  of  a-2,  a-4,  a-5,  a-v,  and  P-4  are  lost  in  overt 
carcinoma.  The  a-3,  P-1  and  a-6,  P-1  integrins  have 
been  shown  to  be  continually  expressed  in  invasive 
prostate  cancer.  The  a-6,  P-1  integrin  is  now  suspected 
to  be  a  prime  candidate  for  conferring  the  invasive 
phenotype  in  prostate  cancer  [130]. 

Cadherins  are  a  family  of  calcium-dependent  cell 
surface  proteins  that  are  critical  for  normal  cellular 
differentiation  and  adhesion.  Among  the  most  widely 
evaluated  is  E-cadherin  which  has  been  mapped  to 
16q22,  a  locus  that  is  deleted  in  some  prostate  cancers 
[131].  It  has  been  shown  that  E-cadherin  expression  is 
reduced  or  absent  in  high-grade  prostate  cancer  [132]. 


Furtheimore,  E-cadherin  expression  decreases  as  the 
Gleason  score  increases  [133].  Likewise,  less  E-cadherin 
has  been  found  in  lymph  node  metastases  compared  to 
primary  tumors  [134].  In  a  recent  study,  aberrant  E- 
cadherin  expression  was  found  in  56%  of  prostate 
cancer  specimens  and  was  associated  with  disease  ex¬ 
tent  and  decreased  survival  [135]. 

Metalloproteinases  (MMPs)  are  a  family  of  proteases 
that  dissolve  the  extracellular  matrix  and  include  such 
enzymes  as  collegenase  and  gellatinase.  It  is  thought 
that  these  proteins  are  required  by  cancer  cells  to 
achieve  an  invasive  phenotype.  In  vitro  studies  revealed 
higher  MMP  levels  in  prostate  cancer  cell  lines 
metastatic  to  bone  compared  to  the  non-metastatic  cells 
[136].  MMP-7  and  collagenase  transcripts  have  been 
detected  in  most  prostate  carcinomas  [137]  while  colla¬ 
genase  levels  were  higher  in  prostate  cancer  patients 
with  known  metastasis  compared  to  those  without 
[138], 
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13.  Proposed  carcinogenesis  model 

Although  our  understanding  of  the  molecular  biol¬ 
ogy  of  prostate  cancer  is  far  from  complete,  it  is 
becoming  apparent  that  a  molecular  carcinogenesis 
model  akin  to  colorectal  cancer  is  appropriate  for 
prostate  cancer.  A  carcinogenesis  pathway  was  pro¬ 
posed  by  Sandberg  in  1992  based  on  chromosomal  (or 
cytogenetic)  changes  [139].  Because  of  the  marked  het¬ 
erogeneity  of  the  disease  both  clinically  and  molecu- 
larly,  there  are  likely  to  be  multiple  intersecting 
pathways  that  lead  from  benign  epithelia  to  therapy-re¬ 
sistant  disease.  However,  a  general  model  is  proposed 
in  Fig.  1,  with  presumed  accompanying  molecular 
changes  as  reported  in  the  literature.  This  is  by  no 
means  definitive,  but  it  serves  as  a  potential  model  for 
the  development  of  preventive  and  therapeutic  trials 
aimed  at  the  likely  molecular  targets  operating  at  each 
step. 


14.  Conclusion 

Prostate  cancer  is  characterized  by  a  multitude  of 
genetic  and  molecular  changes  during  its  stepwise  trans¬ 
formation  from  benign  tissue  to  its  malignant 
metastatic  form.  Efforts  should  be  directed  towards 
increasing  research  activity  to  delineate  the  still  unclear 
mechanisms  relevant  to  cancer  progression.  This  must 
involve  patient  tumor  tissue  both  from  primary  and 
metastatic  sites  as  well  as  from  hormone-responsive  and 
therapy-resistant  patients.  Only  after  the  molecular  al¬ 
terations  that  lead  to  cancer  development  or  invasive¬ 
ness  are  delineated  can  we  begin  to  address  appropriate 
therapeutic  solutions  to  this  public  health  problem. 
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#29383  Role  of  the  RB  Pathway  in  the  Androgen  Response  of  Prostate 
Cancer  (CaP)  Cells  with  Reconstituted  Androgen  Receptor  (AR).  Paul  H. 
Gumerlock,  Matthew  H.  Gustafsson,  Joachim  B.  Schnier,  and  Kayoko  Nishi- 
Schnier.  University  of  California,  Davis  Cancer  Center,  Sacarmento,  CA 
Virtually  all  CaPs  progress  to  an  Incurable  state  of  androgen-independence  (AO 
that  will  be  the  cause  of  nearly  32,000  deaths  of  men  in  the  US  in  2000.  We  previously 
showed  that  RB  pathway  abnormalities  in  primary  CaP  include  loss  of  expression  of 
the  tumor  suppressors  CDKN2/p16  in  43%  and  RB  in  13%.  Loss  of  RB  expression 
was  found  significantly  increas^  to  36%  in  Al  tumors  (p=0.015).  Rb  has  also  been 
found  to  be  a  nuclear  co-factor  for  the  AR.  Our  hypothesis  is  that  loss  of  Rb 
contributes  to  Al  CaP.  The  PC3  cell  line  was  established  from  a  wild-type  (wt)  RB, 
p53-m\\,  Al  CaP.  PC3  cells  transfected  with  wt  AR  (PC3-AR2)  provide  a  unique 
model  to  study  the  role  of  RB  in  responses  to  androgens.  Treatment  of  PC3-AR2  with 
the  synthetic  androgen  R1881  resulted  in  cell  cycle  arrest  and  eventual  cell  death. 
Molecular  responses  were  examined  at  24-hr  intervals  over  a  period  of  six  days.  Cell 
cycle-related  proteins  [Rb,  p21 ,  p27,  Cyclin  A]  and  AR  were  assessed  by  Western 
blotting  at  each  time  point  and  normalized  to  -actin.  Rb  co-immunoprecipitated  with 
AR,  demonstrating  interaction  of  the  two  proteins  in  this  model  system.  Rb  was 
completely  hypophosphorylated  after  24-hrs  of  R1881 ,  and  levels  declined  markedly 
up  to  six  days.  p21  was  induced  within  24-hrs,  but  decreased  by  48-hrs  and  was 
undetectable  at  72-hrs.  After  24-hrs,  no  expression  of  Cyclin  A  was  seen.  In  contrast 
to  moderate  levels  in  control  cells,  providing  evidence  of  cell  arrest  at  the  R  point  In 
G1.  Levels  of  p27  decreased  over  the  entire  period.  Our  data  suggest  that  this 
androgen-induced  G1  arrest  occurs  by  the  mechanism  of  p53-independent  Induction 
of  p21  and  hypophosphorylation  of  Rb,  and  demonstrate  a  role  for  RB  in  the 
androgen-response  of  CaP  cells.  (Support:  DAMD1 7-98-1 -8565.) 


#1171/  Mutant  p53  Induction  of  Bag1L  as  a  Potential  Mechanism  for 
Androgen-Independence  in  Human  Prostate  Cancer.  Nancy  Jane  Nesslinger, 
Xu-Bao  Shi,  Matthew  H.  Gustafsson,  Paul  H.  Gumeiiock.  and  Ralph  W.  deVere 
White.  UC  Davis,  Sacramento,  CA 

Prostate  cancer  (CaP)  is  the  most  common  tumor  found  in  American  men  and 
is  the  second  leading  cause  of  cancer  death.  Since  proliferation  and  maintenance 
of  function  in  malignant  prostate  epithelial  cells  Is  initially  androgen-dependent, 
androgen  ablation  has  been  the  first  line  of  treatment  for  patients  with  metastatic 
prostate  cancer.  However  after  an  initial  response,  both  the  primary  tumors  and 
their  metastases  eventually  become  androgen-independent.  Mutations  of  the  p53 
gene  are  common  in  CaP,  with  higher  rates  in  hormone-refractory  disease.  To 
date  there  has  been  no  evidence  to  link  p53  mutations  to  androgen-indepen¬ 
dence.  Recently  the  Bag1  L  protein  was  shown  to  sensitize  the  androgen  receptor 
(AR)  to  low  levels  of  androgen.  In  addition,  some  galn-of-function  p53  mutants 
were  shown  to  upregulate  transcription  of  the  BAG1  promoter.  Our  hypothesis  is 
that  certain  gain-of-function  p53  mutations  will  lead  to  androgen-independence 
through  Bag1L  induction.  Using  human  prostate  cancer  PCS  cells  transfected 
with  a  wild-type  androgen  receptor  (PC3-AR2),  we  immunoprecipitated  the  AR 
and  performed  Western  blotting  using  an  anti-Bag1  monoclonal  antibody.  We 
found  that  of  the  3  isoforms  of  Bag1  {Bag1,  Bag1M  and  BagIL),  only  the  Bag1L 
protein  co-immunoprecipitated  with  AR.  PCS  sub-lines  containing  5  different 
mutant  p53  alleles  were  constructed  by  stable  transfection.  Levels  of  Bag1L 
protein  were  measured  by  Western  blotting  and  normalized  to  /3-actln.  The 
expression  of  Bagi  L  was  higher  in  4  of  these  sub-lines  compared  to  the  untrans¬ 
fected  control.  In  addition,  2  of  the  PCS  sub-lines  containing  gain-of-function, 
dominant  negative  p53  alleles  were  grown  in  medium  containing  5%  charcoal- 
stripped  serum  before  determining  cell  numbers.  The  parental  cells  did  not  grow 
whereas  the  mutant  p53  transfectants  were  able  to  proliferate  in  the  androgen- 
deprived  medium.  This  provides  the  first  evidence  that  p53  mutations  may  act 
through  Bag1  L  to  promote  androgen-independence. 
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;^998^o!e  of  RB  in  the  response  of  androgen-independent  prostate 
^cancefcells  to  androgen.  Paul  H.  Gumerlock,  Matthew  H.  Gustafsson,  Kayoko 
Nishi-Schnier,  and  Joachim  B.  Schnier.  University  of  California,  Davis  Cancer 
Center,  Sacramento,  CA,  and  University  of  California,  Davis,  Davis,  CA 
The  vast  majority  of  prostate  cancers  (CaP)  progresses  to  an  incurable  state  of 
androgen-independence  (Al)  and  will  be  the  cause  of  nearly  30,000  deaths  of  men 
in  the  US  in  2001 .  We  have  shown  that  abnormalities  in  the  RB  pathway  in  primary 
CaP  include  loss  of  expression  of  the  tumor  suppressors  CDKN2/p16  in  43%  and 
RB  in  13%.  However,  in  Al  tumors  the  loss  of  RB  expression  significantly  in¬ 
creased  to  36%  (p=0.015).  Further,  in  the  PC3-AR2  model  system  [wild -type  (wt) 
p]/?S,  p53-null,  Al  CaP,  transfected  with  wt  androgen  receptor(yAf?)],  treatment 
with  the  synthetic  androgen  R1881  resulted  in  cell  cycle  arrest  and  eventual  cell 
death.  Molecular  analyses  showed  that  Rb  co-immunoprecipitated  with  AR  and 
that  there  was  p53-independent  induction  of  p21 ,  hypophosphorylation  of  Rb, 
loss  of  Cyclin  A,  and  gradual  decreases  of  p27,  implicating  the  RB  gene  in  this 
response  of  Al  prostate  cancer  cells.  To  further  clarify  the  role  of  RB,  the  PC3-AR2 
cells  were  secondarily  transfected  with  the  human  papilloma  virus  (HPV)  E7  gene, 
whose  protein  binds  and  inactivates  Rb.  We  hypothesized  that  disruption  of  RB 
in  the  PC3-AR2-E7  model  would  attenuate  the  G1  arrest  response  to  androgens. 
Cells  were  treated  with  R1 881  and  molecular  responses  were  examined  at  24-hr 
intervals  over  a  period  of  four  to  six  days.  Cell  cycle-related  proteins  [Rb,  p21 , 
p27]  were  assessed  by  Western  blotting  and  normalized  to  j3-actin.  The  levels  of 
p21  in  the  PC3-AR2-E7  cells  closely  resembled  those  previously  in  the  PC3-AR2 
cells.  Levels  were  induced  at  24  hr,  but  declined  to  basal  levels  by  48  hr.  After  five 
days,  PC3-AR2-E7  cells  survived  approximately  2-fold  greater  than  the  vector 
alone  transfected  control  cells.  Conclusions:  RB  functions  in  the  androgen- 
response  of  CaP  cells  and  Its  disruption  leads  to  increased  survival  of  Al  cells  in 
the  presence  of  androgens.  (Support:  DAMD1 7-98-1 -8565) 
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#563§/^  Gain-of-function  mutant  p53  mediates  androgen-independent 
growth  of  human  LNCaP  prostate  cancer  cells.  Nancy  J.  Nesslinger,  Xu-Bao 
Shi,  Paul  H.  Gumerlock,  and  Ralph  W.  Devere  White.  University  of  California, 
Davis,  Sacramento,  CA. 

Androgen  ablation  has  traditionally  been  the  first  line  of  treatment  for  patients 
with  advanced  prostate  cancer  (CaP).  However,  after  an  initial  response  these 
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tumors  eventually  become  androgen-independent  (Al)  with  no  effective  therapy 
currently  available.  Our  previous  studies  have  shown  that  mutations  of  p53  occur 
at  a  rate  of  70%  in  hormone-refractory  CaP,  suggesting  that  these  mutations  may 
be  involved  in  the  progression  of  CaP  to  androgen-independent  growth.  How¬ 
ever,  to  date  there  has  been  no  direct  evidence  linking  p53  mutations  with  Al 
gro\Arth  of  CaP  cells.  The  LNCaP  cell  line  expresses  wild-type  p53  and  is  a  useful 
in  vitro  model  for  CaP  study  because  it  is  sensitive  to  androgen  stimulation  and 
its  growth  is  inhibited  in  the  absence  of  androgens.  We  established  5  stably- 
transfected  LNCaP  cell  lines:  4  containing  gain-of  function  mutant  p53  alleles 
(G245S,  R248W,  R273H,  R273C)  and  one  containing  a  mutant  p53  allele  (P151S) 
with  no  gain-of-function  characteristics.  The  4  LNCaP  sub-lines  containing  gain- 
of-function  mutant  p53  alleles  were  found  to  grow  under  androgen-depleted 
conditions,  but  the  LNCaP  parental  line  and  the  remaining  sub-line  with  no 
gain-of-function  abilities  did  not  grow.  To  investigate  the  mechanism  of  the 
androgen-independent  growth  displayed  by  the  gain-of-function  mutant  p53 
alleles,  Western  blotting  or  ELISA  were  used  to  examine  the  expression  of  the 
androgen  receptor  (AR),  AR-regulated  prostate-specific  antigen  (PSA),  Bag1  and 
Akt  under  androgen-depleted  conditions.  Upon  androgen  ablation,  the  levels  of 
AR  decreased  in  the  4  gain-of-function  mutant  p53  sub-lines  compared  to  the 
parental  cells.  This  decreased  AR  expression  was  accompanied  by  attenuated 
receptor  activity,  since  a  decrease  in  PSA  levels  compared  to  parental  LNCaP 
cells  was  also  observed.  However,  Bagi  L  levels  were  increased  under  androgen- 
depleted  conditions  in  3  of  the  4  gain-of-function  mutant  p53  sub-lines  as 
compared  to  the  parental  line.  In  contrast,  levels  of  phosphorylated  Akt  increased 
in  both  the  mutant  p53-transfected  sub-lines  and  the  parental  line.  These  obser¬ 
vations  suggest  that  only  gain-of-function  mutant  p53  alleles  mediate  the  andro¬ 
gen-independent  growth  of  CaP  cells  and  that  Bag1 ,  but  not  Akt,  may  be  involved 
in  this  process.  (Support:  NCI  R01  CA  77662,  NCI  R01  92069,  DOD  DAMD 
17-98-8565) 
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Role  of  Ihc  RB  pathway  in  the  androgen  response  of  prostate  cancer 
(Cap)  cells  with  reconstituted  androgen  receptor  (AR).  PH  Gumerlock, 
JB  Schnier,  K  Nisht-Schnier,  MH  Guslafsson.  Departments  of  Biochemistry 
and  Internal  Medicine;  Hematology/Oncology,  UCD  School  of  Medicine. 

Virtually  all  CaPs  progress  to  an  incurable  stale  of  androgen-independence 
(AI)  that  is  the  cause  of  nearly  40,000  deaths  of  men  in  the  US  each  year. 
We  previously  showed  that  RB  pathway  abnormalities  in  primary  CaP 
include  loss  of  expression  of  tlie  tumor  suppressors  CDKN2/pl6  in  43%  and 
RB  in  13%.  Loss  of  RB  expression  was  found  significantly  increased  to  36% 
in  AI  tumors  (p=0.0I5).  Rb  has  also  been  found  to  be  a  nuclear  co-factor  for 
the  AR.  Our  hypothesis  is  that  loss  of  RB  contributes  to  AI  CaP.  Tlie  PC3 
cell  line  was  established  from  a  wild-type  RB,  /75i-nuU,  AI  CaP.  PC3  cells 
transfected  with  wt  AR  (PC3-AR2)  provide  a  unique  model  to  study  the  role 
of  RB  in  responses  to  androgens.  Treatment  of  PC3-AR2  witli  tlie  ^ntlietic 
androgen  R1881  resulted  in  cell  cycle  arrest  and  eventual  cell  death. 
Molecular  responses  were  examined  at  24-hr  intervals  over  a  period  of  six 
days.  Cell  cycle-related  proteins  [Rb,  p21,  p27,  Cyclin  A]  and  AR  were 
assessed  by  Western  blotting  at  each  time  point  and  normalized  to  (3-actin. 
Rb  co-immunoprecipitaled  with  AR,  demonstrating  interaction  of  tlie  two 
proteins  in  this  model  system.  Rb  was  completely  hypophosphorylated  after 
24-hrs  of  R 1881.  p21  was  induced  within  24-hrs,  but  decreased  by  48-hrs 
and  was  undetectable  at  72-hrs.  After  24-hrs,  no  expression  of  Cyclin  A  was 
seen,  in  contrast  to  moderate  levels  in  control  cells,  providing  evidence  of 
cell  arrest  at  the  R  point  in  GI.  Levels  of  p27  decreased  until  96-hrs  where 
the  levels  dropped  to  lower  than  the  control.  Our  data  suggest  that  this 
androgen-induced  GI  arrest  occurs  by  the  mechanism  of  p55-independenl 
induction  of  p21  and  hypophosphorylation  of  Rb,  and  demonstrate  a  role  for 
RB  in  the  androgen-response  of  CaP  cells.  (Support:  DAMD 17-98- 1-8565.) 
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induclion  of  BaglL  by  mutant  pS3  as  a  potential  mechanism  fur 
anclrogen-independcnce  in  human  prostate  cancer.  MH  Guslafsson,  NJ 
Nesslinger,  JB  Schnier,  X-B  Shi,  RW  deVcre  White,  PH  Gumerlock. 
Departments  of  Internal  Medicine  (Hematology/Oncology)  and  Urology,  UC 
Davis  Cancer  Center. 

Despite  the  Nobei>winning  observation  by  Charles  Huggins  in  llie  I940’s 
that  castration  causes  regression  of  metastatic  carcinoma  of  tlie  prostate  (CaP) 
in  dogs.  Cap  remains  the  second  leading  cause  of  cancer-related  deaths  among 
men  in  the  United  Stales.  Virtually  all  CaPs  progress  to  an  incurable  state  of 
androgen-independence  after  initial  response  to  androgen-ablation.  Mutations 
in  the  p53  gene  are  common  in  CaP,  with  higher  rates  in  hormone-refractory 
disease.  To  dale  there  has  been  no  evidence  to  link  p53  mutations  to  androgen- 
independence.  Recently  Uie  BaglL  protein  was  shown  to  sensitize  llie 
androgen  receptor  (AR)  to  low  levels  of  androgen.  In  addition  some  gain-of- 
function  pS3  mutants  were  shown  to  upregulatc  transcription  of  tlie  BAG  I 
promoter.  Our  hypothesis  is  that  certain  gain-of-ftinclion  p53  mutations  will 
lead  to*  androgen-independence  through  BaglL  induction.  Using  human 
prostate  cancer  PC3  cells  transfected  with  a  wild-type  androgen  receptor  (PC3- 
AR2),  we  iramunoprecipitaled  the  AR  and  pcrfomied  Western  blotting  using 
an  anti-Bagl  monoclonal  antibody.  We  found  that  of  the  three  isofoims  of 
BagI  (Bagl,  BagIM,  and  BaglL)  only  the  BaglL  protein  co- 
immunoprecipitated  with  AR.  PC3  sub-lines  containing  5  different  mutant  p53 
alleles  were  constructed  by  transfection.  Levels  of  BaglL  protein  were 
measured  by  Western  blotting  and  normalized  to  p-actin.  The  expression  of 
BaglL  was  induced  in  4  of  these  sub-lines  compared  to  llie  untranslected 
control.  Tlicse  results  support  our  hypothesis  that  certain  gain-of-funclion 
mutant  p53  alleles  may  contribute  to  androgen- independence  by  the  induction 
of  BaglL.  (Supported  by  DAM  D 1 7-98-1-8565  and  CA77662.) 
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Role  of  RB  in  the  response  of  androgen-independent  prostate  cancer  cells  to 
androgen  as  revealed  by  transfection  of  the  E7  gene.  MH  Gustafsson,  JB 
Schnier,  K  Nishi-Schnier,  PH  Gumerlock.  Departments  of  Internal  Medicine  and 
Medical  Biochemistry,  UC  Davis  School  of  Medicine,  Sacramento  &  Davis,  CA.  | 
The  vast  majority  of  prostate  cancers  (CaP)  progresses  to  an  incurable  state  of  ‘ 
androgen-independence  (AI)  and  will  be  the  cause  of  nearly  30,000  deaths  of 
men  in  the  US  in  2001.  We  have  shown  that  abnormalities  in  the  RB  pathway  ; 
include  loss  of  expression  of  the  tumor  suppressors  CDKN2/pl6  in  43%  said  RB  ' 
in  13%  in  primary  CaP,  however,  in  AI  tumors  the  loss  of  RB  expression  ; 
significantly  increased  to  36%  (p=0.015).  Further,  in  the  PC3-AR2  model  : 
system  (wt  RB,  p53-null,  AI  CaP,  transfected  with  wt  AR),  treatment  with  the  ; 
synthetic  androgen  R1881  resulted  in  cell  cycle  arrest  and  eventual  cell  death.  ; 
Molecular  analyses  showed  that  Rb  co-immunoprecipitated  with  AR  and  that  i 
there  was  p55-independent  induction  of  p21,  hypophosphorylation  of  Rb,  loss  of 
Cyclin  A,  and  gradual  decreases  of  p27,  implicating  the  RB  gene  in  this  response  ; 
of  AI  prostate  cancer  cells.  To  further  clarify  the  role  of  RB,  the  PC3-AR2  cells 
were  secondarily  transfected  with  the  human  papilloma  vims  (HPV)  E7  gene, 
whose  protein  binds  and  inactivates  Rb.  We  hypothesized  that  dismption  of  RB 
in  the  PC3-AR2-E7  model  would  attenuate  the  G1  arrest  response  to  androgens. 
Cells  were  treated  with  R1881  and  molecular  responses  were  examined  at  24-hr 
intervals  over  a  period  of  four  to  six  days.  Cell  cycle-related  proteins  [Rb,  p21,  : 
p27]  were  assessed  by  Western  blotting  and  normalized  to  P-actin.  The  levels  of 
p21  in  the  PC3-AR2-E7  cells  closely  resembled  those  previously  in  the  PC3- 
AR2  cells.  Levels  were  induced  at  24  hr,  but  declined  to  basal  levels  by  48  hr. 
After  five  days,  PC3-AR2-E7  cells  survived  approximately  2-fold  greater  than 
the  vector  alone  transfected  control  cells.  Conclusions:  RB  functions  in  the 
androgen-response  of  CaP  cells  and  its  dismption  leads  to  increased  survival  of 
AI  cells  in  the  presence  of  androgens.  fSupport:  DAMD17-98-1-8565') 
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